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Abstract
This work presents the first high-fidelity numerical study into thermal compression (TC) scramje-
ts. Unlike conventional scramjet engine designs, TC scramjets are designed with an inlet that
delivers purposely induced nonuniform-compression to the combustor. This approach was first
proposed by Antonio Ferri in the 1960’s, who claimed that TC can be used to improve the per-
formance of fixed-geometry scramjets that must operate over a range of flight Mach numbers.
The purpose of this work was to develop new knowledge and insight into TC with the use of
high-fidelity computational fluid dynamics.
In this study, we investigated how combustion in one region of the combustor ignited
the flow in other regions of combustor. The study was performed on a generic nonuniform-
compression scramjet flow path that was designed by blending a high-compression two-dimensio-
nal profile with a 18 o ramp at the centreline with a low-compression two-dimensional profile
with a 8 o ramp at the side wall. The high-compression profile produced sufficient compres-
sion for combustion, while the low-compression side produced insufficient compression for
combustion. The simple geometry allowed the complex propagation of combustion from the
high-compression to the low-compression side to be studied in detail. The free stream flow
properties corresponded to a Mach 10 flight condition with a dynamic pressure of 100 kPa.
The study was conducted with CFD++ using the Reynolds-averaged Navier-Stokes equa-
tions. Turbulence was simulated using the SST turbulence model and combustion with the
Jachimowski 13 species 33 reaction mechanism. Two numerical approaches were developed
to decouple the fluid dynamic/combustion effects: firstly, combustion was disabled in certain
regions with the flow field; and secondly, reacting and inert (nonreacting) fuel was injected into
the engine at different fuelling sites.
Both premixed and inlet-fuelled injection studies were performed on the generic nonuniform-
compression engine. The premixed study provided insight into the combustion behaviour in-
dependent of any particular fuel injection method. Three flame propagation processes were
identified in the study: three-dimensional flow features, emanating from the high-compression
side which produced temperatures in the boundary layer that allowed the flow to ignited in the
low-compression side of the engine; radical transport through a shock-induced boundary-layer
separation, which enhanced combustion in the low-compression side; and TC from combustion
in the high-compression side which coupled with the spanwise shock structure. All three flame
propagation processes had a significant influence on igniting the flow in the low-compression
side of the engine.
The premixed work was extended in the inlet-fuelled injection study to evaluate how the
added complexity from the flow structures generated from inlet port-hole injection influenced
the flame propagation processes. The additional flow structures caused the three-dimensional
shock-induced boundary-layer separation to become corrugated; however, the same global com-
bustion processes characterised in the premixed study persisted: the shock-induced boundary-
layer separation ignited the flow in the boundary layer and transported radicals from the high-
to low-compression side of the engine; and TC from combustion in the high-compression
side was found to couple with the spanwise flow gradients to increase heat release in the en-
gine. Additionally, radicals that formed upstream from the combustor within the shear layer
of the fuel and air, also enhanced combustion in the engine. The uninstalled specific impulse
in the nonuniform-compression engine improved by 100 s and 150 s, at the Mach 8 and 10
(an improvement of approximately 8% for each condition) relative to the equivalent uniform-
compression engine with approximately the same inlet compression and contraction ratio. The
improvement in performance was found to be from the TC effect. The results showed that
the TC mechanism is likely to be reproduced when using other injection schemes which de-
liver a partially premixed flow with spanwise non-uniform-compression to the entrance of the
combustor.
The results presented in this work are for a simple, non-optimised geometry, however, the
fundamental knowledge and insights gained can, and should be, exploited within scramjet
designs. This was demonstrated through a swept nozzle investigation that showed how the
flow nonuniformity delivered to the exit of the combustor can be used to reduce the combustor
surface area, with no adverse affect on combustion or uninstalled specific impulse.
The work successfully applies modern high fidelity computational tools to explore, extend
and develop new knowledge and insight into the TC concept originally conceived by Ferri, and
provides a fundamental basis upon which advanced engine concepts can now be explored and
developed.
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Chapter 1
Introduction
1.1 Motivation
Efficient hypersonic propulsion vehicles of the future are likely to use supersonic combustion
ramjets (scramjets). Scramjets have a higher potential specific impulse than rockets at hy-
personic speeds greater than Mach 6, as shown in Figure 1.1. This is because scramjets are
air-breathing engines which, unlike a rocket, removes the requirement to carry an oxidizer on
board.
A schematic of a scramjet and a ramjet is given in Figure 1.2, reproduced from [1]. A
scramjet (Figure 1.2a) operates using supersonic combustion, while a ramjet (Figure 1.2b) op-
erates using subsonic combustion. Ramjets operate efficiently at low flight Mach numbers,
where the stagnation temperature of the flow is low. Reducing the flow to subsonic speeds in
the combustor with such temperatures allows combustion to take place efficiently. The trans-
ition from subsonic to supersonic combustion at higher flight Mach numbers is required as the
flow becomes increasingly dominated by kinetic energy. Reducing the flow to subsonic con-
ditions in the combustor then raises the temperature to levels that retard heat release, owing to
the inability to form complex molecules such as H2O at high temperature [2]. The heat release
then occurs upon expansion through a nozzle, where the temperature is low and leads to poor
performance. This physical limitation led to the concept of supersonic combustion which was
first demonstrated experimentally in the 1960’s. Since then, supersonic combustion has been
researched both experimentally and numerically with the aim of developing scramjets.
Owing to the “harsh” environment of hypersonic flow, it is highly desirable that scramjets
have a fixed geometry. A fixed geometry scramjet is lighter and less complex than a variable
geometry scramjet. Scramjets for access-to-space must be able to operate efficiently over a
range of flight Mach numbers. The design of fixed geometry scramjets, that are capable of op-
erating over a range of flight Mach numbers, has presented a major challenge for the aerospace
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Figure 1.1: Potential specific impulse vs flight Mach number for turbojets, ramjets, scramjets and rockets
[5]
community over the last 50 years. Although scramjet technology has been demonstrated at
Mach numbers 5 and 6 through the flight of the X-51 [3], and Mach 7 and 10 through the flight
of the X-43A [4], flight over a range of Mach numbers has not yet been demonstrated.
This work is inspired by the concept of Thermal Compression (TC), first proposed by Ant-
onio Ferri [2] in the 1960s. Ferri claimed that fixed geometry scramjet performance can be
improved over a range of flight Mach numbers by taking advantage of TC. This is because TC
scramjets take advantage of combustion-induced compression waves to compress a portion of
the flow in the combustor, thereby reducing the amount of compression required by an inlet. By
reducing the inlet compression ratio, the performance and operability of the engine improves
at low Mach numbers, while at high Mach numbers, where a scramjet requires higher levels of
compression, the low inlet compression is supplemented using TC.
Unlike conventional scramjet design where uniform flow is ideally delivered to the combus-
tor, a TC engine requires the combustor entry flow to be nonuniform [6]. Combustion generates
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Figure 1.2: Schematic of scramjet and ramjet, taken from [1]
.
4 Chapter 1 Introduction
pressure waves. In a TC engine, these combustion-induced compression waves are used to com-
press the flow in the combustor. The fuel injection is tailored such that combustion initiates in a
local region of low Mach number and high pressure/temperature. Compression waves propag-
ate out of the local region of combustion and compress the flow in low compression regions. By
taking advantage of the nonuniform-compression, the engine performance is high, even though
the compression from the inlet is low. The low geometric contraction ratio of the inlet lowers
the amount of spillage required at lowMach numbers, and therefore improves performance, and
improves the starting characteristics of the engine.
The practicality of using TC within scramjet engines remains unanswered. Work on TC
scramjet engines was first undertaken in the 1960s at General Applied Science Laboratories
(GASL) where they were built and tested. One of these engines is the scramjet Incremental
Flight Test Vehicle (IFTV) module, shown in Figure 1.3. The engine has a tailored injection
scheme that takes advantage of the nonuniform flow delivered to the combustor. The flight-test
plan was to boost the vehicle to 1.65 km/s (Mach 5.5) at 17 km altitude and to demonstrate
vehicle acceleration to at least 1.82 km/s (Mach 6) [7]. The flight-test program was cancelled
in August 1967, due to problems encountered in the ground-test program associated with the
control of inlet-combustor interactions [7]. Testing was performed at low supersonic Mach
numbers, where the low momentum of the flow and large pressure increases associated with
combustion made flow control difficult [8]. Ground testing experiments, however, did achieve
80% of their thrust targets [9]. The lack of numerical tools to analyse the flow in detail made
interpreting experimental results difficult. TC scramjets were perceived to be too complex and
impractical for scramjet engine design at that time. As such, the focus of scramjet research in
the last 40 years has been devoted to the other concepts such as the dual-mode scramjet [10].
More recently, the occurrence of TC was reported from experiments in impulse facilities at
high Mach numbers, where conditions are far more favourable to its exploitation [8]. Work in
this thesis revisits the concept of TC using a high fidelity computational fluid dynamics (CFD)
approach. Unlike the original work on TC conducted at GASL at low Mach numbers, this work
focuses on using TC at high Mach numbers.
Thermal compression scramjets are highly three-dimensional (3-D) and require an in-depth
understanding of 3-D fluid dynamic and combustion processes [2, 7]. In this thesis TC is in-
vestigated using a generic three-dimensional scramjet configuration with an inlet that delivers
purposely induced spanwise nonuniform compression to the combustor entrance. The CFD-
approach allows us to examine the flow in detail to isolate 3-D flow coupling and combustion
effects.
An example of a generic 3-D nonuniform-compression scramjet simulation that is presented
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in this thesis is given in Figure 1.4. The free stream has a dynamic pressure of 100 kPa at a Mach
10 flight condition. The inlet is designed to deliver a spanwise nonuniform-compression profile
to the combustor entrance. Gaseous hydrogen is injected in the inlet (inlet-fuelled) such that the
fuel entering the combustor is partially premixed. Rapid combustion takes place in the high-
compression side relative to the low-compression side at the entrance of the combustor. The
flow further downstream in the low-compression side also autoignites. This is, in part, due to TC
effects from combustion that takes place upstream in the high-compression side of the engine.
Studying the combustion in this generic engine provides fundamental physical insight into the
TC problem. The CFD study builds on exisiting lab hardware at the University of Queensland
and is intended to provide insight in the TC problem such that laboratory experiments (which
are beyond the scope of this thesis, but now underway in a follow-on project at the University
of Queenlsand) can be conducted to demonstrate the investigation experimentally.
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Figure 1.3: Schematic of IFTV TC engine [9].
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Figure 1.4: An example of a generic 3-D nonuniform-compression scramjet simulation presented in this
thesis. Slices flooded with combustion efficiency, bottom walls flooded with pressure coefficient.
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1.2 Aims and Objectives
This work is inspired by Ferri’s idea of using thermal and nonuniform-compression to improve
the performance of a scramjet that must operate over a range of flight Mach numbers. The aim of
this work is to characterise the flow physics chemistry coupling that underpin the TC approach
in a nonuniform-compression scramjet, and to use the new insight to explain improvements (or
otherwise) in performance that TC provides relative to uniform-compression scramjets. Such
insight provides a platform of fundamental knowledge in which innovative engine development
can proceed.
The objectives of this work are:
1. To characterise the combustion processes in a generic scramjet with purposely induced
spanwise nonuniform compression from the inlet design with a specific focus on TC
effects.
2. To determine if there are performance benefits (or otherwise) from TC in a three-dimensional
nonuniform-compression scramjet relative to an equivalent nominally two-dimensional
uniform-compression scramjet.
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1.3 Thesis Overview
In this thesis, the aims and objectives outlined in Section 1.2 are achieved using a systematic
approach. The thesis starts with discussion of relevant literature to highlight the theoretical
basis of using TC in scramjet design. This is followed by a series of numerical studies, starting
with simple 2-D geometries and finishing with the performance evaluation of a generic 3-D
nonuniform-compression scramjet at different flight Mach numbers relative to a 2-D uniform-
compression scramjet with approximately the same inlet contraction and pressure ratio. The
gradual increase in complexity with each chapter allows the reader to progress with a logical
flow of ideas and conclusions. A brief breakdown of each chapter is given here:
Chapter 2 Scramjet Engine
An overview of the thermodynamic cycle of a scramjet engine is given in this chapter to
highlight how TC can be used to improve performance. The chapter begins with an ana-
lysis of the compression, heat addition and expansion processes using a zero-dimensional
scramjet cycle analysis and concludes with discussion on why TC should be used in fixed
geometry scramjet engine design.
Chapter 3 Literature Review
Chapter 3 follows with an overview of the theoretical performance gains of a scramjets
that use TC over conventional scramjets over a range of flight Mach numbers. A brief
overview of the relevant supersonic mixing and combustion processes of hydrogen and
air for this work is then presented.
Chapter 4 Computational Fluid Dynamics as a Tool for Supersonic Combustion Investigation
Chapter 4 provides an overview of the computational fluid dynamics code CFD++ and
the selected physical models used to simulate the scramjet flow paths in this thesis.
Chapter 5 Two-Dimensional Premixed Study
Chapter 5 examines the combustion behaviour of premixed two-dimensional scramjets.
This is performed using a premixed inflow to remove the influence of any particular fuel
injection method on the combustion behaviour. The results highlight the effect inlet com-
pression has on the combustion regimes of 2-D planar scramjets. The insight gathered
from this work is used in Chapter 6 to design a suitable 3-D nonuniform compression
flow path for detailed fundamental research on TC.
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Chapter 6 Three-Dimensional Premixed Study
Chapter 6 investigates the combustion processes within the 3-D nonuniform-compression
scramjet. As in Chapter 5, a premixed inflow is used to decouple the influence of any par-
ticular fuel injection method on the combustion behaviour. The combustion processes are
then characterised in the nonuniform-compression engine. We determine if TC can ignite
the flow within the low-compression side of the scramjet. This is achieved by artificially
suppressing combustion in local regions of the flow to decouple each combustion process
on the flow field. Approximately 80 % of the work presented in this chapter has been
published in the AIAA Journal [11].
Chapter 7 Three-Dimensional Inlet-Fuelled Study
In this chapter we investigate how the combustion processes identified in the premixed
study are affected by the added realism of an inlet injection method. We also determine
whether the TC effect is enhanced or degraded by the fuel injection. The performance
benefits of the nonuniform-compression engine are also evaluated by comparing its un-
installed specific impulse to a uniform-compression engine with approximately the same
inlet compression and contraction ratio. An analysis and comparison of the heat addition
and mixing processes of the 3-D and 2-D engine follows. The combustion and mixing
processes are investigated by artificially suppressing combustion in certain regions of the
engine and by injecting combinations of inert (nonreacting) hydrogen in the engine. Ap-
proximately 80% of the work presented in this chapter has been accepted for publication
in the AIAA Journal [12].
Chapter 8 Swept Nozzle Investigation
This chapter details an investigation into the 3-D engine behaviour with a swept 3-D
nozzle. The purpose of this work is to determine whether such a nozzle can provide a
passive means to improve the operability of fixed geometry scramjets over a range of
Mach numbers. The nozzle design takes advantage of the flow nonuniformity and the
flow characteristic lines.
Chapter 9 Conclusions
Chapter 9 summarises the findings of the work and discusses avenues for future research.
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Chapter 2
Scramjet Engine
The purpose of this chapter is to provide insight into how thermal compression (TC) can be
fundamentally used to improve the performance of fixed geometry scramjets. To do this we
examine the scramjet engine cycle. A scramjet consists of an inlet, combustor and nozzle, as
shown in Figure 1.2a. The thermodynamic cycle of an “idealised” scramjet is illustrated on the
T-S diagram in Figure 2.1 reproduced from [1], and subsequently detailed. In this diagram we
do not account for mass addition from fuel injection, and we model combustion as reversible
heat addition. The inlet compresses the free stream flow to the combustor entrance (0 → 1).
Fuel is injected, mixed and burned within the combustor, which releases chemical energy stored
within the fuel and air (1 → 2). The flow is expanded through a nozzle which generates thrust
(2→ 3). The area below 1→ 2 represents the total heat added to the flow from combustion. The
area below 3 → 0 represents the waste energy lost to the atmosphere. The energy converted to
useful work, i.e. thrust, is represented by the area between the two curves (right of Figure 2.1).
Each process, compression, combustion and expansion, is discussed in detail in the sections
that follow to highlight how each process affects overall performance. This simplified cycle
analysis is given to provide insight into how an ideal uniform-compression scramjet works, and
how practical constraints influence the design. This study also introduces the concept of TC in
scramjet design and how it can be used to improve the performance of fixed geometry scramjets.
2.1 Compression
Compression is achieved using an inlet, which delivers flow to the combustor through a series
of compression waves. This process converts kinetic energy into static enthalpy, increasing the
temperature and pressure of the flow, while lowering the Mach number. Compression can be
achieved by either internal, external or mixed compression. There are numerous inlet designs
within the literature. These include two-dimensional planar, axi-symmetric, such as the Os-
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Figure 2.2: Schamtic of Scramjet compression, combustion and expansion process. Stations correspond
to Figure 2.1.
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Uniform Inflow
Figure 2.3: Mach contours in a Busemann inlet taken from [13].
watitisch and Busemann (see Figure 2.3)1 [13, 14] and three-dimensional (3-D) inlets such as
the Scoop and Jaws inlet [15, 16]. Streamtraced hypersonic inward turning inlets have recently
shown great promise, with notable designs including the Busemann streamtraced inlet [17], the
Scoop [13], and the Rectangular-to-ellipical-shape-transition (REST) inlet [18].
Inlets are traditionally designed with the philosophy of increasing the free stream pressure
by a chosen compression (pressure) ratio (PR), defined as the ratio of scramjet throat to free
stream pressures. The PR, for a given design condition, is selected to provide robust mixing,
combustion and high thermodynamic cycle efficiency. The PR is expressed as a ratio of the
stream thrust average (STA) properties at the inlet throat to the free stream. Ideal compression
is achieved with the lowest entropy gain, and therefore most efficient means that is practically
possible. However, in practice, the highest efficiency inlets are too long in terms of inlet drag
and vehicle integration. Furthermore, the inlet is typically designed to deliver uniform flow
properties to the combustor entrance, which is desirable for a number of reasons including:
simplification of the design process, ensuring stable combustion behaviour and mixing, and
reducing the influence of shock waves and therefore shock-wave boundary-layer interactions
(SBLI) within the engine. [16]
There are two components of drag in the inlet: inviscid drag and, viscous drag. Inviscid
drag is dependent on the inlet compression angles and contraction ratio (CR). Viscous drag
is dependent on wetted area and boundary layer properties. Both forms of drag need to be
considered in inlet design. For example, the isentropic compression profile of the Busemann
inlet has low inviscid drag but high viscous drag generated from its large surface area. Typically
the ideal Busemannn profile must be truncated to achieve a practical inlet geometry [13, 17].
Referring to the Temperature-Entropy (T-S) diagram in Figure 2.1, the efficiency of the
compression process can be determined by the change in entropy from 0 → 3. The lower the
increase in entropy, for a given PR, the more efficient the inlet design. A vertical line, i.e. infinite
gradient, represents the best (isentropic) compression process, i.e. no rise in entropy. Assuming
1The Busemann inlet is the most efficient inlet in terms of inviscid drag and is therefore often used a baseline
model for scramjet engine design.
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Figure 2.4: Scoop and Jaws hypersonic inlet configurations coupled to circular combustors [15].
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a scramjet operates as a Brayton cycle, which assumes a constant pressure heat addition process
and an isentropic compression and expansion efficiency, the more compression the inlet exerts
on the flow the higher the thermodynamic cycle efficiency.2 However, there are practical con-
straints on the amount of compression a scramjet should perform. These include: inlet starting
characteristics, inlet total pressure losses, maintaining robust and efficient combustion and mix-
ing, high temperature gas effects such as dissociation, and thermal nonequilibrium losses in the
expansion process in the nozzle. Discussion on these issues can be found in [16, 19].
2.1.1 Compression Efficiency
The mean flow properties delivered to the inlet throat are dependent on the free stream prop-
erties, inlet efficiency, and PR (or CR). The inlet efficiency is often measured using adiabatic
kinetic energy recovery, ηKEad, given in Equation 2.1. Other inlet performance parameters of-
ten used for inlet design include the: total pressure recovery, πc and isentropic efficiency, ηi,
given in equations 2.2 and 2.3 respectively [16]. These parameters are shown graphically by a
Mollier diagram in Figure 2.5 [16].
ηKEAD =
ht0 − h(p0, s1)
ht0 − h0
(2.1)
πc =
pt1
pt0
(2.2)
ηi =
h(pt1, s0)− h0
ht0 − h0
(2.3)
The use of only one parameter is insufficient to evaluate the performance of an inlet. We
must consider another measure of the compression process such as the CR used to achieve the
PR. For example, consider the relationship between the inlet ηKEad , PR and, CR, given in Figure
2.6, taken from [16], for a Mach 10 flight condition. The plot on the left is for a perfect gas,
while the plot on the right is for a gas with high-temperature effects. Both plots show the same
trends. The relationship shows that to maintain a chosen PR, an increased inlet efficiency must
be accommodated by an increase in CR (move horizontally from left to right). For a given CR,
a more efficient inlet delivers lower static temperature and pressure, and higher Mach numbers
to the combustor (move vertically top to bottom). As to be discussed in the sections that follow,
2The Brayton cycle assumes an isentropic compression process. In practice, the inlet losses increase with
increased CR, and therefore, there is always an upper limit on the optimal amount of compression for a given
scramjet geometry and flight condition.
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Figure 2.5: Mollier diagram, taken from [1].
efficient mixing and combustion of fuel and air typically requires a minimum PR delivered to
the combustor. This suggests, from a one dimensional point of view, that increasing the inlet
performance, for a given CR, could lower the mixing and combustion efficiency, and therefore
the performance of the scramjet. In this case, the inlet contraction ratio should be increased
to compensate the lower temperature and pressure. Another factor is the flow distortion or
nonuniformity which can affect the combustion efficiency, and therefore overall performance,
of a scramjet [15] (to be discussed further in Section 3.2.4.)
In practice, inlet performance closely follows the empirical relation given in Equation 2.4
[16]. Constraining the performance of an inlet to Equation 2.4, the inlet throat properties can be
plotted for different PR. These properties are given in Figure 2.7. This is insightful, as we can
relate geometric parameters, such as CR, to inlet performance and the properties delivered to
the inlet throat. The figure shows that an increase in CR increases the temperature and pressure
and decreases Mach number at the inlet throat. Figure 2.8, taken from [19], shows that in
practice the CR and inlet compression efficiency are related. The inlet efficiency decreases with
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an increase in PR. Therefore, from an adiabatic inlet efficiency perspective, the PR should be
kept as low as possible.
ηKEAD = 1− 0.4
(
1−
M1
M0
)4
(2.4)
2.1.2 Engine Unstart
A fixed geometry scramjet designed to operate over a range of Mach numbers must possess
good starting characteristics [16]. Engine unstart occurs when the flow phenomena within the
engine affect the free stream capture area of the inlet, leading to partial or complete blockage of
the flow through the inlet [16]. Two processes that cause inlet unstart are: over contracting the
flow in the inlet causing the flow to reach subsonic speed, before reaching the inlet throat; or by
raising the back pressure in the combustor, which is caused by pressure rise from combustion,
beyond a level that can be sustained by the inlet.
The starting behaviour of inlets is complex and, for a given set of free stream conditions,
is dependent on the internal CR, inlet total pressure losses, bluntness of leading edges, wall
temperatures, flow hysteresis and Mach number. For clarity, the internal CR and CR are shown
schematically in Figure 2.9. For a given inlet geometry and set of free stream conditions, an
inlet starts at a certain internal CR. Once the inlet has started, the internal CR can then be
increased, if using a variable geometry, to a maximum internal CR. In general, the internal CR
should be as small as possible to have the best starting characteristics. This is summarised
in Figure 2.10, reproduced from Van Wie [16], where the inverse CR and Mach number are
plotted for various inlet designs from the literature. The upper limit of the internal CR that
self-starts is called the Kantrowitz limit [20]. This limit is determined by assuming a normal
shock wave at the beginning of the internal area ratio that produces sonic flow conditions at the
inlet. At high Mach numbers, the Kantrowitz limit becomes very conservative, owing to the
normal shock wave assumption. The lower limit is the isentropic limit, which assumes the flow
is isentropically compressed to the throat of the engine to Mach 1. In addition to the isentropic
limit, an empirical limit from experimental data is given for the maximum CR possible. The
values between the empirical and the Kantrowitz limit represents the dual solution region where
a scramjet may be started or unstarted.
Figure 2.10 shows that unstart is more likely to occur at low flight Mach numbers (M < 6)
where the flow compressibility is low. At higher Mach numbers, the inlet can tolerate higher
CRs before the onset of unstart. To overcome inlet unstarting at low Mach numbers, inlets
are typically designed with a spillage mechanism, such as a cowl, to allow a portion of the
18 Chapter 2 Scramjet Engine
200
150
100
50
0 0 10 20 30
ηKEad
Minlet
 = 0.94 0.95 0.96   0.97       0.98 
0.99
1.00
Inl
et P
res
sur
e R
atio
Minlet=3
5
4
3
Inl
et P
res
sur
e R
atio
Minlet=3
5
4
3
200
150
100
50
0 0 10 20 30
ηKEad
Minlet
ηKEad   = 0.94  0.95  0.96      0.97   
0.99
1.00
0.98
Perfect gas High-temperature gas
ηKEad  
Mach 10
CR CR
Figure 2.6: Relationship between adiabatic kinetic energy recovery, inlet pressure ratio, CR, and inlet
throat Mach number.
PR PR
PRPR
M T, 
K
CRP, K
Pa
Figure 2.7: Relationship between inlet throat properties and PR, taken from [19].
Compression Section 2.1 19
PR
Figure 2.8: Relationship between inlet compression efficiency and PR, taken from [19].
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(CR)Internal = Acowl/ A throat
Figure 2.9: Schematic to define internal CR and, CR. At off-design Mach numbers, the cowl allows a
portion of the flow to be spilled. This reduces the mass capture area, and therefore decreases the CR.
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flow to be spilt [16], which effectively lowers the CR at low Mach numbers. Flow spillage,
however, increases vehicle drag and therefore reduces performance, as a portion of the flow that
is compressed from the inlet (or vehicle forebody) does not enter the combustor and therefore
does not contribute to the thrust generation. A fixed geometry scramjet that operates over a
range of flight Mach numbers, should have as small a CR as possible to ensure the starting
behaviour of the engine is acceptable at low Mach numbers. Spillage should be kept as low as
possible to ensure performance at low Mach numbers is also acceptable.
2.2 Heat Addition
The purpose of this section is to highlight the losses associated with heat addition to a supersonic
stream. This is illustrated by analysing the heat addition process for a supersonic inviscid ideal
gas. For an ideal gas, the total pressure loss, or entropy rise associated with heat addition,
known as Rayleigh losses, is dependent primarily on the local Mach number. This is illustrated
in Equation 2.5 (see pg. 80 in Ref. [1]).
dpt
pt
=
γM2
2
dTt
Tt
(2.5)
The Rayleigh losses are proportional to the local specific heat ratio, γ (assumed to be constant
in this analysis), the square of the local Mach number, M2, and the added heat dTt
Tt
. Therefore,
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the higher the local Mach number of heat release, the poorer the heat addition process, and the
higher the total temperature, the lower the entropy rise. The total temperature is dependent on
the free stream conditions and the amount of heat added to the flow (assuming no heat losses
to surroundings). The inlet throat Mach number is dependent on the inlet characteristics. In
practice, the higher the CR, the lower the inlet throat Mach number (see Figure 2.7). The total
pressure loss from heat addition to a supersonic or subsonic flow, is referred to as Rayleigh
losses and is unavoidable in any supersonic or subsonic heat addition process.
Heat addition to a supersonic stream can take place via many thermodynamic paths, i.e.
constant area, pressure or Mach number which is dependent on the heat release rates and flow
velocity and the geometry of the combustor. In this analysis we want to know: What is the
best thermodynamic path in terms of performance? The analysis then considers practical con-
straints of scramjet engines, such as temperature limitations which affect the thermal loads and
dissociation losses, pressure (structural) loads on the combustor and engine unstart (from over
compression in the inlet and thermal choking). The outcome of this section provides insight
into how TC can be used to improve scramjet performance.
Three heat addition processes are considered here: constant area, constant pressure and
constant temperature (see Figure 2.11). The thermodynamic cycle efficiency, ηtc, is calculated
using Equation 2.6, which is derived from the T-S diagram for a scramjet given in Figure 2.1,
(see [1], pg. 154). The higher ηtc, the more efficient the heat addition.
U3
2
2
−
U0
2
2
= qin − qout
ηtc = 1−
qout
qin
(2.6)
In Equation 2.6, qin is referred to the cycle heat added to or extracted from the engine per unit
mass of flow, while qout is identified as the cycle heat rejected to the surrounding environment
that is not converted to cycle work. To isolate the effect that the heat addition process has
on vehicle performance, we fix the inflow condition to the combustor. A dynamic pressure of
50 kPa, free stream Mach number of 8.0 and the inlet PR of 50, gives the inflow properties
summarised in Table 2.1. The inlet throat Mach number, temperature and pressure is given in
Figure 2.7.
To simplify the analysis, the gas properties are assumed to remain constant during the heat
addition process, γ = 1.3.3 Constraining the amount of heat available to an equivalence ratio of
3Combustion and high-temperature gas effects lower γ from 1.4 in the free stream. Here we assume it is 1.3.
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Figure 2.11: Constant area, pressure and temperature heat addition to a supersonic stream.
0 to 1 (0 − 3300kJ/kg), the only unknown in Equation 2.6 is qout. To calculate qout we need
to assume a heat addition process to the supersonic stream, i.e. constant temperature, pressure
or area, and we need to assume a certain expansion efficiency of the flow to a certain pressure.
For simplicity, we assume an expansion efficiency of 100 % and that we expand the flow back
to atmospheric pressure. These assumptions are valid, as we are focusing only on how the heat
addition process affects the engine performance.
Before proceeding further with this analysis, we define the thermal efficiency, ηth, given
in Equation 2.7. The thermal efficiency can be decomposed into two components: the ther-
modynamic cycle efficiency, ηtc and the combustion efficiency, ηb. The thermodynamic cycle
efficiency is related to the heat addition process, which is related to the local Mach number of
heat release (see Equation 2.5) and total temperature of the flow. The combustion efficiency,
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Property Value
M∞ 8.0
q∞ 50 kPa
T∞ 220 K
p∞ 1100 Pa
ηb 100 %
PR 50
ηe 100 %
M1 3.5
Table 2.1: Freestream conditions and assumptions used to calculate the influence of heat addition process
on scramjet performance.
on the other hand, is related to the amount of heat release in the combustor. The combustion
efficiency in this section is calculated from the heat of reaction for H2/Air mixtures, which is
given in Equation 2.9 ∆H
Tref=300K
R = 3300 kJ/kg. We assume 100 % combustion efficiency,
therefore ηb is equivalent to the equivalence ratio. The heat added to the flow, ηb, and is varied
from 0 (0%)→ 1.0 (100%). The results from this analysis are presented and discussed in the
sections that follow.
ηth = ηtcηb (2.7)
ηb =
qin
∆H
Tref
R
(2.8)
∆H
Tref
R =
∑
i
viH
Tref
Ri
(2.9)
2.2.1 Constant Area
Consider the constant-area heat addition process, given schematically in Figure 2.11a. The
flow properties at the exit of the combustor for a given amount of heat addition, ηb, are given in
Figure 2.12. The pressure and temperature increases, while the velocity, Mach number and total
pressure decreases. The heat addition drives the Mach number to unity at an equivalence ratio
0.72. This phenomenon is known as thermal choking and leads to engine unstart, and therefore
limits the amount of heat addition that is physically possible. The pressure at the exit of the
combustor is 8 times greater than the pressure at the entrance of the combustor. This highlights
that constant-area combustors must be designed to withstand high pressure, and high adverse
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pressure gradients. The high pressure loads may also complicate the combustor design. The
adverse pressure gradients also increase the likelihood of a boundary layer separation forming
that can cause the engine to unstart (not modelled here). This may impact the operability at
low Mach numbers if the boundary layer separations interact with the inlet (inlet-combustor
interactions) and unstart the engine.
The temperature at the exit of the combustor is high (3500K). From a chemical kinetics
perspective, the temperature of flow should not exceed 3000K due to dissociation losses (in-
hibiting heat release) which is the original motivation behind the use of a scramjet (supersonic
combustion ramjet). Note, as we have assumed a constant γ of 1.3, changes in the gas proper-
ties from heat release, or chemical reactions are not included. The high temperatures and static
pressure of the flow also indicates that the combustor walls have to withstand high temperat-
ures, or have high wall cooling requirements, which further complicates the combustor design.
In this analysis we have highlighted the characteristics of constant-area combustors.
2.2.2 Constant Pressure
Now consider a diverging combustor with a local divergence sufficiently large to produce a
constant-pressure heat addition process. The flow properties at the exit of the combustor for
a given amount of heat addition, ηb, are given in Figure 2.13. In practice, one-dimensional
scramjet analyses are modelled with a constant-pressure heat addition process. As outlined by
Heiser and Pratt [1], constant-pressure combustion does not lead to pressure gradients that cause
boundary-layer-separations, and limits the structural load on the combustor. Figure 2.13 shows
the flow properties throughout the combustor with heat addition. The temperature increases,
the velocity remains constant, and the Mach number is reduced. Unlike the constant-area heat
addition, the flow does not thermally choke (reach Mach 1), and heat is added to an equivalence
ratio of 1. The temperature at the exit of the combustor is high (3300 K), but lower than the
constant-area combustor, indicating lower potential dissociation losses (this is not accounted
for through the constant γ, cp assumption). The total pressure loss and thermodynamic cycle
efficiency, ηtc, however, is lower than that of the constant-area heat addition process which
indicates the constant pressure process has poorer heat addition efficiency. The absence of a
pressure rise means the combustor does not have to withstand the high structural (pressure),
as found in the constant-area combustor. The lower temperature and pressure also indicates a
constant-pressure heat addition process has lower thermal loads to the combustor (not accounted
for in this analysis as we assume adiabatic inviscid walls).
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2.2.3 Constant Temperature
Now consider the constant temperature heat addition process, where the divergence of the com-
bustor increases further, as shown in Figure 2.11. The pressure decreases, while the velocity
and Mach number increase with heat addition. This is because the velocity of the flow increases
through the combustor, as dictated by the energy balance in Equation 2.10 while the speed of
sound remains constant. The performance is significantly lower than the constant pressure heat
addition process shown by the poor cycle efficiency (less than 0).
qin = U
2
2/2− U
2
1/2 (2.10)
2.2.4 Ideal Heat Addition with Practical Constraints
The thermodynamic efficiency for the constant-area, pressure and temperature process is 62%,
55% and 21% respectively. Noting that the thermal efficiency (Equation 2.7) of the engine is
the product of the thermodynamic cycle efficiency, ηth and combustion efficiency, ηb, the engine
with the greatest performance is the constant pressure process (55 %), followed by the constant-
area (44%) and constant-temperature (4.5%). The results highlight that from a thermodynamic
cycle perspective heat should always be added to a supersonic stream at the lowest possible
Mach number, which is in agreement with Equation 2.5. In the constant-area combustor, the
Mach number drops at a faster rate as heat is added to the stream compared to the constant-
pressure process. Therefore, the heat efficiency increases faster in a constant-area compared
to the constant-pressure heat addition process. However, thermal choking limits the amount of
heat that can be added (ηb = 0.72). The Mach number in the constant-temperature process is
increasing with heat addition (see Equation 2.10), therefore the heat addition efficiency drops
with heat addition. This explains the drop in efficiency after an equivalence ratio of 0.23 (see
Figure 2.10.) Noting that the pressure also drops with a constant temperature heat addition
process, we also see from Figure 2.15 that we intercept the atmospheric constant-pressure curve
on the T-S diagram at an equivalence ratio of 0.23. Therefore as more heat is added to the flow,
the energy cannot be extracted as work. This explains the drop in efficiency, after ηb = 0.23. At
an equivalence ratio (or ηb) 0.4, the cycle efficiency drops below 0.
Practical constraints need to be addressed in scramjet design that are not modelled in this
zero-dimensional analysis. These include: pressure rise and associated boundary-layer separ-
ations, high pressure and thermal loads on the combustor walls, high-temperature gas effects
with increasing temperature and thermo-chemical nonequilibrium losses within the nozzle. The
performance degradation from these phenomena can be controlled by limiting the pressure and
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Figure 2.12: Constant area heat addition to a supersonic stream.
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Figure 2.13: Constant pressure heat addition to a supersonic stream.
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Figure 2.14: Constant temperature heat addition to a supersonic stream.
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temperature rise in the combustor. This is achieved by increasing the divergence of the combus-
tor walls. Limiting the temperature rise lowers the thermal loads on the wall, reduces flow disso-
ciation losses, and reduces thermal nonequilibirum losses in the nozzle. Limiting the pressure
rise limits the structural loads, and the likelihood of unstarting the inlet from boundary-layer
separations.
One means to achieve high heat addition efficiency with practical constraints imposed is
to initiate combustion with a constant-area heat addition process, to rapidly decrease the inlet
throat Mach number, then increase the divergence of the combustor to allow a constant-pressure
heat addition process, to avoid thermal choking and high adverse pressure gradients. Then, if the
temperature reaches some critical maximum value, heat can be added at constant temperature by
having an even higher degree of geometric combustor divergence. The thermodynamic process
is given in the T-S diagram in Figure 2.15. A schematic of this heat addition process is given in
Figure 2.16. In this example, the maximum pressure rise in the combustor is set to two times the
inlet throat pressure. The maximum temperature is set to 3000 K. The thermal efficiency at the
exit of the combustion process is 60%, which is higher than the constant pressure value of 55%,
and with the flow temperature kept to 3000K. The combustion efficiency of both engines is the
same, 100%. Note that the use of a constant-area heat addition process to improve performance
of a scramjet is not unique to this work, for example see Billig’s and Ferri’s discussion in [2, 21].
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Figure 2.15: T-s diagram of a scramjet with constant temperature, pressure, and ideal heat addition.
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Figure 2.16: Schematic of heat addition process of an “ideal” scramjet.
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2.3 Flow Expansion
Following on from the heat addition process 1→ 2 in Figure 2.1, we then must expand the flow
in the nozzle between 2→ 3. The high pressure generated from combustion is transferred to the
surface of the nozzle to provide thrust. Ideally, the combustor should deliver uniform flow prop-
erties to the nozzle to minimise the losses over the expansion surface [1]. Flow nonuniformity
at the exit of the combustor lowers the expansion efficiency, and therefore overall engine per-
formance. The temperature at the exit of the combustor should also be as low as possible to
limit thermal nonequilibirum losses.
2.4 Chapter Summary
In this chapter we analysed the fundamental concepts of compression, heat addition and ex-
pansion of a scramjet engine. We highlighted that the engine should have low inlet CR at low
Mach number operation to ensure good operability. At high Mach numbers, where the flow can
handle higher levels of compression, the engine should have high inlet CR to reduce the Mach
number entering the engine to minimise Rayleigh losses. However, there are limitations on how
much compression the inlet should perform since an increase in inlet compression decreases the
inlet compression efficiency and also leads to higher temperatures delivered to the combustor.
At some stage the increased vehicle drag outweighs the gain in thermodynamic efficiency and
high temperature effects that can inhibit for recombination reactions and therefore heat release.
The heat addition analysis presented here has highlighted that one means to increase per-
formance, for a given inlet throat condition, is to include a constant-area heat addition process.
The constant-area portion of the combustor reduces the Mach number of the flow to lower levels
compared to the constant-pressure heat addition process, which allows the heat to be added at a
higher efficiency in the subsequent part of the combustor. An in-depth analysis and discussion
on using a constant-area heat addition to improve scramjet performance can be found in [22].
Another technique to improve performance, for a given amount of inlet compression is to use
nonuniform-compression. The nonuniform flow contains regions of low Mach number, where
heat release is made to occur. Then, the compression waves generated from the heat release
(combustion) are used to compress the flow in regions of high Mach number. The compression
waves lower the Mach number and allow subsequent heat release in the region to occur with
a high efficiency. The low mean inlet compression ratio means the inlet produces low drag
and has acceptable starting characteristics at low Mach numbers. As combustion takes place in
regions of low Mach number only, the thermodynamic efficiency remains high (low Rayleigh
losses), even though the mean inlet compression is low. This is the TC approach to scramjet
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design as proposed by Ferri [2] to improve the performance of fixed geometry scramjets that
must operate over a range of flight Mach numbers. The concept of TC in multi-dimensional
scramjet design is introduced in the following chapter.
Chapter 3
Literature Review
In the previous chapter we studied the scramjet engine cycle and highlighted the competing
effect of increasing inlet compression to improve performance and the implications this has on
the engine operability for a scramjet that must operate over a range of Mach numbers. One
solution to keep the inlet compression ratio low, and maintain high engine performance at high
Mach number is to use TC in the scramjet design. We begin this chapter by reviewing the
theoretical basis for the TC concept to improve scramjet performance using studies from Ferri
[2] and Billig [21]. This provides the reader with insight into the fundamentals of using of TC
in multi-dimensional scramjet design. In these past studies, many assumptions are employed
to simplify the analysis, such as neglecting the mixing processes of fuel injection, assuming
chemical equilibrium, and neglecting multi-dimensional viscous phenomena, such as the ef-
fect shock-wave boundary-layer interactions (SBLIs), have on combustion processes. As such
the second part of the literature review focuses on the real mixing and combustion processes
typically found in scramjets. This highlights the complexities associated within using of TC
in realistic scramjet flow paths. The main aim of this thesis is to provide new insight into the
combustion and fluid dynamic interactions generated in TC scramjets, and therefore links the
fundamental ideas of Ferri and Billig (presented in the first part of this chapter) with the realism
of supersonic combustion processes (outlined in the second part of the chapter). The use of high
fidelity CFD in this thesis allows us to probe the flow physics to attain new significant insight
into the TC problem.
3.1 Thermal Compression
We begin by reviewing the work performed by Ferri [2]. Ferri proposed using TC to improve
the performance of fixed geometry scramjets over a range of flight Mach numbers. Ferri’s
TC concept relies on nonuniform-compression from the inlet, and therefore multidimensional
design. In a TC scramjet, combustion is initiated in regions of high compression (and lowMach
number). The combustion process generates compression waves, which propagate out of the
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region of local combustion, and into adjacent regions downstream, of low compression (and
high Mach number). These combustion-induced compression waves lower the Mach number
and increase pressure in the low compression regions where fuel is then injected and burnt.
Taking advantage of flow nonuniformities allows the engine to maintain high thermodynamic
cycle efficiency with low compression from the inlet. The low compression from the inlet
improves the inlet performance (efficiency) and in theory, provides good starting characteristics
and engine performance at low Mach numbers, compared to an engine with a high CR. If TC is
not used within the engine design, for a constant dynamic pressure trajectory a low geometric
CR does not deliver high performance at high flight Mach number.
The philosophy of using TCwithin a 2-D scramjet engine is given in Figure 3.1. Three swept
injectors 1,2 and 3 (shown as a small black triangles) are arranged to utilise combustion-induced
compression waves generated at upstream injectors. The inflow free stream Mach number is
nonuniform, starting low at injector 1, and increasing in the spanwise (normal to flow) direction
to injector 3. The rapid heat release at injector 1 generates a combustion-induced compression
wave that propagates out of the local region of combustion and mixing and compresses flow in
the spanwise direction. This lowers the local Mach number at injector 2, where fuel is again
injected and combustion occurs, producing another compression wave. The difference in the
flow Mach numbers between the reacting and frozen cases is shown in the upper part of Figure
3.1. As the local Mach number has been reduced at each injector to Mb, fuel can be injected,
mixed and combusted with the same efficiency as if the inflow had uniform properties and the
injectors were placed in an unswept arrangement [2].
3.1.1 A 2-D Thermal Compression Engine
In this section we demonstrate how TC can be used within a 2-D scramjet engine geometry
presented in Figure 3.2a taken from Ferri [2]. The inlet compresses the free stream via a series
of 8 o compression ramps to the combustor from Mach 8 to 3.51. The flow at the inlet throat is
perfectly uniform. To make the flow nonuniform, a requirement of a TC engine, an expansion
ramp of 6 o is introduced on the body side at the entrance of the combustor, while the flow
on the cowl side is further compressed. The flow on the body side undergoes an expansion,
where the Mach number increases, and temperature and pressure decreases. The flow on the
cowl side undergoes compression via two compression ramps which raise the static pressure,
and temperature, and, reduce the Mach number. The Mach number at injector 1 on the cowl
side is reduced to 2.64, while the flow that passes through the expansion fan accelerates to
4.97. This generates the desired nonuniform flow, with low Mach number at injector 1 and
increasing Mach number at injectors 2, 3, 4. Fuel is injected at injector 1. The combustion
generates a compression wave that propagates in the spanwise direction. As in Figure 3.2a, this
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Figure 3.1: Schematic demonstrating the concept of TC, reproduced from Ferri [2].
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compresses the flow that has a higher Mach number as a result of the expansion fan generated at
the inlet throat. The combustion-induced compression wave lowers the Mach number at injector
2 to 2.64, where fuel is injected and burnt, thereby producing another compression wave. The
process cascades, such that the pressure waves formed from the combustion process cancel the
expansion waves. The combustion behind the injectors takes place at approximately constant
pressure. We see that the mean pressure of the flow field increases (as shown schematically in
Figure 3.2a), however the pressure in the local regions of combustion is constant. A constant-
pressure heat addition process has many practical advantages compared to a constant area heat
addition process as outlined in Section 2.2.2.
This example demonstrates that through multidimensional design a constant-pressure heat
addition process is achieved in local regions, while globally there is a constant-area heat addi-
tion process. The equivalent uniform-compression engine, with the same thrust potential and
constant-pressure heat addition process is given in Figure 3.2b. The internal CR is, however,
twice that of the TC engine. Although both engines may have the same performance at this
flight condition, the TC engine has better performance below the design Mach number because
the low CR allows it to handle higher mass flow rates (lower spillage) before choking [6].
3.1.2 Ferri’s Theoretical Performance of a Thermal Compression Scramjet
The theoretical basis for Ferri’s claim that fixed geometry scramjets that utilise TC are more
capable of achieving efficient performance over a range of flight Mach numbers is illustrated in
Figure 3.3. Here Ferri calculated and compared the theoretical thrust coefficient (CT) at Mach
numbers 4 - 12 of a 3-D TC and three uniform or 1-D type scramjet engines (with different
CRs). A constant pressure heat addition is assumed, the fuel added to the flow is hydrogen, and
the fuel-air ratio is stoichiometric. The curves were generated assuming geometrical CRs of 7,
11, 50 for the uniform-compression and 10 for the TC engine. Compression of the free stream
to the combustor has a “reasonable” pressure recovery. Under these assumptions the variation
of capture area, as a function of Mach number, depends on the CR selected, and the lowest
Mach number corresponding to full capture area depends also on the CR [2]. The peak CT for
the 1-D designs is achieved at a Mach number where the inlet captures a streamtube equal to the
inlet area. Below this Mach number spillage of the air is required and the thrust potential (CT)
decreases accordingly. The first trend to note is that Ferri’s 3-D TC engine generates its greatest
thrust-dynamic pressure ratio at Mach 4, after which the performance gradually tapers off. The
on-design performance is not as great as the uniform scramjet designs at their maximum CT
Mach numbers, however over a range of Mach numbers (7-12) it performs better than each 1-D.
In addition, the performance of the TC scramjet with a CR of 10 is equal to that of the 1-D
design with a CR of 50 at Mach 12.
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Figure 3.2: Schematic of a 2-D TC scramjet and a 2-D uniform-compression scramjet. The TC engine
has a lower internal CR, however both have the same theoretical performance for the flight condition.
The lower intenal CR in the TC scramjet allows it to work operate more efficiently at lower speeds
than the uniform-compression engine.
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3.1.3 Billig’s Theoretical Performance of a Thermal Compression Scramjet
Using the gas-dynamic model presented schematically in Figure 3.4, Billig calculated and com-
pared the maximum theoretical performance of a uniform (single-stream) and nonuniform (two-
stream) TC engine. The theoretical performance gains of a two-stream TC over the one-stream
engine are highlighted in Figure 3.5 [21] where the potential specific impulse is plotted against
flight Mach number. The results highlight that by dividing the heat addition process over two
streams and taking advantage of TC the specific impulse of the engine may be increased.
For a CR of 4, a TC engine has a performance gain of 38 % and 13 % at Mach 5 and 12
respectively. For a CR of 10 the gain in performance potential of TC reduces to 12 % and 3
%. The results highlight that TC should be exploited for engines with low CRs, where low
geometric compression from the inlet is compensated by TC within the combustor. In addition,
the performance gains at lower Mach numbers indicate that the total amount of fuel required to
accelerate to hypervelocity speeds can be significantly reduced [21], thereby reducing the total
amount of fuel required for a given acceleration trajectory.
The two-stream TC engine consists of a high-compression stream (stream I), which is com-
pressed by the inlet geometry, and a low-compression stream (stream II), which is compressed
by the combustion-induced pressure waves within the combustor. The heat addition process of
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the TC engine, in Figure 3.4 shows how combustion from stream I is used to compress the flow
in stream II between stations 1 and 2. This decreases the Mach within stream II which increases
the efficiency of heat addition in stream II after station 2. The heat addition process in Billig’s
calculations were modelled using Crocco’s heat addition, Equation 3.1 [10, 21], where ǫ = 0
represents a constant pressure heat addition process, ǫ = 1 models a constant area process, while
ǫ < 1 represents a decreasing pressure heat addition process. The implications for each heat
addition process on performance are discussed in Section 2.2. Scramjet trajectories typically
have constant pressure trajectories. The dynamic pressure was held constant at 240 kPa for all
calculations presented in Figure 3.5. The heat addition process is optimised in both engines
(two-stream and single-stream) at all Mach numbers for a given CR, under the constraints that
the flow must remain supersonic (does not thermally choke), and, both streams (for the TC
engine) have the same pressure after station 2. Therefore, unlike the performance estimations
of Ferri (Figure 3.3), Billig’s calculations are not constrained to constant pressure heat addi-
tion. Inlet performance was modelled using the empirical kinetic energy recovery Equation 3.2,
where M1/M0 is the ratio of the Mach number delivered to the combustor and the free stream
Mach number. This is a variant of Equation 2.4.
pcA
ǫ/(ǫ−1)
c = constant (3.1)
ηKEAD = 100− 20(1−M1/M0)
5 (3.2)
Combustion efficiency was set to 100 % with an equivalence ratio of 1.0. Changes to the
flow properties from chemical reactions are included in the calculations through the assump-
tion of chemical equilibrium. In the results presented in Figure 3.5, the nozzle expansion was
assumed to be in equilibrium. The nozzle efficiency is a multiplier on the nozzle exit stream
thrust. The overall engine ratio, or nozzle to inlet area ratio, is held constant at 1.5. From these
assumptions the potential specific impulse is calculated (Figure 3.5). Billig also calculated the
effect of a frozen nozzle expansion in the study. which when taken into account lower the en-
gine Isp. This reduction in performance was more severe at higher Mach numbers and higher
CR relative to the equilibrium results. At higher Mach numbers and higher CR the flow equi-
librium temperature is higher in the combustor, which at high temperature (> 2500K) leads
to dissociation losses. With the frozen nozzle expansion assumption, the energy consumed in
the dissociation of the flow is not recoverable, thus the performance potential (specific impulse)
drops.
The optimisation process employed by Billig is discussed here to highlight how the most
efficient heat addition process changes in scramjets over a range of flight Mach numbers. The
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optimisation process is given schematically in Figure 3.6. Three different flight Mach numbers
are considered termed low, medium and high. For a given flight Mach number and CR, the
optimisation process for the single-stream engine is performed by:
1. Calculating the inlet throat properties, using the inlet efficiency, Equation 3.2.
2. Finding the optimal heat addition process that does not violate the constraint of maintain-
ing supersonic combustion.
The solid lines show the optimised specific impulse for a single-stream engine for an inlet
contraction ratio of 4, 6 and 10 (Figure 3.5).
The optimization process for the two stream model is more complex. Consider the low
Mach number plot (Figure 3.6a). The optimisation process begins with the CR at point A with
the optimal heat addition process of the single stream stream I. The pressure is 61 kPa at the
end of the combustion process in stream I at station 2. Now allow a small but finite amount
of flow to enter the engine from stream II. Stream II is compressed between station 1 and 2 by
the combustion-induced compression waves in stream I to 61 kPa (this satisfies the constraint
that pressure in stream I and II must be the same after station 2). Heat is then added to stream
II after station 2, however the specific impulse decreases, as shown by line AB. However, the
reduction in specific impulse is accompanied with a decrease in the overall engine CR. This
process corresponds to Figure 3.4 a. The Crocco exponent in stream II is ǫ = -0.073 (decreasing
pressure). This trend continues until point B, until the inlet area at station 1 is equal to station 2,
i.e. A0′ + A1 = A1′ + A2. A further increase in mass flow of stream II gives a pressure lower
than 61 kPa at station 2. Therefore, to satisfy the constraint of constant pressure at station 2,
the flow in stream II must be compressed by the inlet, as shown in Figure 3.4 b. This increases
the inlet CR, and therefore the overall CR, hence the line travels to the left. Point B, therefore,
represents the optimal performance of a TC scramjet for the corresponding CR.
The optimisation process for the medium Mach number condition is shown in Figure 3.6 b.
The optimal heat addition process of the single stream engine is of increasing pressure, ǫ > 0.
This means the combustor has a lower level of divergence compared to the low Mach number
condition (Figure 3.6 a). In the two-stream model, the heat addition in stream I is of increasing
pressure, while the heat addition process of stream II is of constant pressure, ǫ = 0. As discussed
in Section 2.2, an increasing pressure heat addition process corresponds to a lower combustor
divergence. Therefore the area ratio A2/A1 for stream I is smaller than the low Mach number
condition. This constrains the area ratio A1′/A0′ for stream II to also be smaller. The flow in
stream II between station 1 and 2 is therefore compressed less from the combustion process in
stream I. This means the TC on stream II (from combustion in stream I) is less compared to the
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Table 3.1: Summary of optimum heat addition process for one-stream and two-stream scramjets. Con-
stant pressure (ǫ = 0), constant area (ǫ = 1), decreasing pressure (ǫ < 0)
TC Engine
Mach Number Single stream Stream I Stream II
Low ǫopt = −0.266 ǫ = ǫopt ǫ = −0.073
Medium ǫopt => 0 ǫ = ǫopt ǫ = 0
High ǫopt => 0 ǫ = −1.0 ǫ = 0
lower Mach number condition. This is reflected in the smaller gains in Isp in Figure 3.5 with
increasing Mach number.
At high Mach numbers (Figure 3.6c), the optimal single-stream engine has an increasing
pressure heat addition process (ǫ > 0). The TC engine on the other hand has a heat addition
processes of ǫ = -1.0 (decreasing pressure) in stream I and constant pressure in stream II (due
to the constraint that pressure is constant after station 2.) The decreasing pressure heat addition
process in stream I indicates TC from stream I on stream II is high at high Mach numbers,
however, this results in a low heat addition efficiency for stream I.
These results are summarised in Table 3.1. Again, it is emphasised that Billig’s calculations
do not constrain the heat addition process to constant pressure, unlike Ferri’s study (see discus-
sion in Section 3.1.2). This assumption reduces the potential thrust gains for the TC engine at
high Mach numbers, as the optimal heat addition process for a single stream is constant area,
whereas, in Ferri’s work a constant-pressure heat addition process is assumed and therefore
the combustor has divergence. A constant pressure heat addition process has higher Rayleigh
losses, and therefore lower performance. This makes the relative performance gains from TC
at higher Mach numbers less in Billig’s study. This, in part, explains the different conclusions
between Billig and Ferri on where the benefits of TC are the greatest. Ferri showed that for a
given CR, the performance gain in a TC increases relative to a single stream engine with in-
creasing flight Mach number, while Billig’s concludes the perfromance gains from TC decrease
with high Mach numbers. Overall, however, both studies conclude that the TC concept offers
higher theoretical performance than single-stream engines of the same CR over a range of flight
Mach numbers for a given constant dynamic pressure trajectory.
Billig also calculated that the relationship between the optimal fraction of stream I and II
is largely Mach number independent. This is shown in Figure 3.7. For example, the optimal
secondary/primary ratio, for a CR of 3.5, is 0.25 at all flight Mach numbers (5,7,10,12). This
result highlights that a practical inlet design is possible, since for a given engine CR the fuel
injection system in each respective stream would not have to accommodate different portions of
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the total flow [21]. Furthermore, since the primary and secondary stream CR is Mach number
independent, the design of a fixed geometry inlet appears feasible [21].
3.2 Mixing and Combustion in Scramjets
So far we have not discussed the mixing and combustion processes of fuel and air to keep the
discussion well constrained on the key concepts of compression and heat addition. In practice,
we must inject and burn fuel within the combustion chamber which is a challenging task given
the short flow residence time within the combustion chamber, typically on the order of milli-
seconds in full-scale engines and 100s of microseconds in small wind tunnel models. Efficient
mixing and combustion of fuel and air (oxidiser) is critical in scramjet engine performance. If
mixing and combustion requires long distances, the combustor length becomes long and there-
fore impractical. The combustor length must be kept as short as possible to minimise viscous
drag, heat loads and overall vehicle weight.
3.2.1 Fuel Injection
Gaseous hydrogen has received significant attention as a suitable fuel for scramjet propulsion.
Hydrogen offers the highest energy per unit mass, and a high specific heat, which indicates
it can be readily used to actively cool the combustor walls. The energy per unit volume of
(liquid) hydrogen is, however, lower than other scramjet hydrocarbon fuel candidates such as
ethylene, and therefore consumes more vehicle volume for storage. In this work we inject
gaseous hydrogen as a fuel. Although hydrocarbons may be more practical from a design
point of view, hydrogen is easier to analyse from a scientific point of view. This is because a
hydrocarbon reaction mechanism is generally more complex, owing to the increased number of
intermediate species (depending on the selected reaction mechanism), which in turn increases
the computational resources required to simulate combustion.
There are many philosophies for optimizing H2/air mixing in scramjet flow paths (see [24,
25, 26, 27, 28, 29]). Fuel can be injected into the flow either upstream of the combustor from
compression surfaces within the inlet (inlet injection, see [30, 31, 32]), or within the combustion
chamber itself, depending on the inlet geometry and flight condition. Injection from the wall
is performed using porthole injection (Figure 3.8), or from struts or aeroramps (Figure 3.10).
Injection schemes influence the mixing and therefore the combustion efficiency of a scramjet
and are highly coupled. For example, normal injection from walls into a supersonic cross flow
generates localised high temperature recirculation regions and shear layers (see Figure 3.9). If
the total (stagnation) temperature of the flow is high, the recirculation zones may act as flame
holders and produce radicals.
Mixing and Combustion in Scramjets Section 3.2 47
Fuel penetration from porthole injection schemes is dependent predominantly on the injec-
tion angle and the dynamic pressure ratio of the fuel and air [26]. Injecting fuel may signific-
antly contribute to the total pressure losses (increased drag) in the scramjet. The bow shock
generated from normal port hole injection is an example of a total pressure loss, which lowers
the thrust potential of the engine. Boundary-layer separations that arise from injection generate
regions of high heat transfer to the walls, which becomes more severe with increasing Mach
number [2].
In-stream injection from struts (see Figure 3.10) does not result in high levels of near field
mixing, as in transverse injection, however can contribute a significant amount of thrust to the
engine at high Mach numbers [29]. Hypermixer (see Figure 3.10) injectors from walls using
ramps have shown potential in high Mach number scramjets. These injectors generate density
and pressure gradients from the shockwave and fuel plume, inducing streamwise vorticity which
increases downstream mixing. In practice, both streamwise and transverse injection can be
included in engine design. The injection schemes may be varied over the flight trajectory to
control reactions and therefore heat release rates in the combustor [2, 29].
3.2.2 Self Ignition of H2 and Air Mixtures
At high Mach numbers, the flow in the combustor is most likely be in chemical nonequilibrium,
therefore the species concentrations are not only dependent on the local pressure and temper-
ature, but also time. The chemical kinetics are modelled using a reaction mechanism. The
computations performed in this thesis use the Jachimowski 1992 reaction mechanism [35] (see
Section 4.4 for details).
The combustion process for a perfect mixture of H2 and air involves three types of element-
ary reactions: chain initiation, chain propagation and chain terminating. Chain initiation reac-
tions, see for example Equation 3.3, involve H2 and O2 molecular collisions which dissociate
to produce highly reactive radicals, H, O and OH. These reactions are sensitive to temperature,
or the relative velocity of the molecules, of the flow. Molecular collisions at high temperatures,
or high velocity, causes the molecules to dissociate more readily. At a certain temperature,
the chain initiation reactions commence causing radicals to form. The radical concentrations
continue to increase via chain propagation reactions, for example see Equation 3.4, until suf-
ficient concentrations are reached for ignition. The time required to reach ignition is termed
the ignition delay time, τI.D.. Ignition is followed by a thermal explosion, or heat release. The
thermal explosion or heat release phase of combustion involves the exothermic recombination
of radicals into molecules such as H2O, for example see Equation 3.5. The time required for
this process is termed the reaction time, τr.
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Figure 3.8: Flow features generated from normal fuel injection into a supersonic stream [33].
large scale 
turbulent 
structures
Figure 3.9: Instantaneous OH-PLIF acquired at centre-line axis of the hydrogen jet injected into flight
Mach 10 and 13 conditions [33].
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Figure 3.10: Hypermixer injector [34].
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H2 +O2 −→ HO2 +H (3.3)
H +O2 −→ OH +O (3.4)
H +OH +M −→ H2O +M (3.5)
The ignition delay time and reaction time, for a given mixture at a given temperature and
pressure, can be approximated using Pergament’s relations [36], given in Eqs. 3.6 and 3.7 and
plotted in Figs. 3.11 and 3.12. Pergament’s relations are highly empirical and therefore of
restricted validity. We use these relations to highlight how the ignition delay and reaction time
are affected by temperature and pressure. The ignition delay time decreases with increasing
temperature and pressure, however it is more sensitive to temperature. The reaction time, τr,
decreases with increasing temperature and pressure, however it is more sensitive to pressure.
Therefore, in general, high pressure decreases the heat release times, while high temperature
decreases the ignition times.
τI.D. =
8× 10−3
p
e9600/T (3.6)
τr = 105p
−1.7e−1.12TO/1000 (3.7)
3.2.3 Supersonic Combustion Flames
Supersonic combustion is a complex aerothermodynamic process where the chemical and fluid
dynamic effects strongly interact. Adopted from Ferri [2], supersonic combustion flames can
be classified as either diffusion controlled or heat-conduction controlled. A diffusion-controlled
flame occurs when the incoming stream is not premixed, whereas a heat-conduction flame has
some degree of premixing. Diffusion depends on the turbulence characteristics of the flow and
on the distribution of species concentration gradients.
Consider a the supersonic combustion process modelled as two parallel streams of gaseous
hydrogen and air coming into contact, illustrated in Figure 3.13 reproduced from [2]. A turbu-
lent free shear layer develops between the streams. The growth of the shear layer is dependent
on the properties of the two streams such as the convective Mach number (compressibility),
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Figure 3.11: Ignition delay distance (U = 2500 m/s) as a function of temperature and pressure [36].
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Figure 3.12: Reaction distance (U = 2500 m/s) as a function of temperature and pressure [36].
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density ratios and, rate of heat release to name a few (see [37] for detailed discussion). There
are two limiting cases that can occur which are dependent on the reacting and mixing rates.
If chemical reaction rates are significantly lower than the mixing rates combustion proceeds
slowly, if at all, at large distances downstream of injection point where the fuel is mixed. In this
case the combustion is kinetically limited. This may be the case when injecting fuel upstream
of the combustion chamber where temperatures and pressures are insufficient for combustion.
In a poor scramjet design, where the inlet compression ratio is low and flow temperatures and
pressures delivered to the combustor are low, the combustion process is kinetically limited.
When the temperature and pressure is high (T > 1200K, p > 50 kPa typically found in
well designed scramjet combustors) and reaction rates are significantly faster than the mixing
rates, combustion is controlled by the rate at which the fuel can mix (mixing limited). This is
illustrated in Figure 3.13 where a stream of gaseous hydrogen and air come into contact and
begin reacting. In this flame, the rate of combustion proceeds rapidly immediately downstream
of the injector where the species concentration gradients of the fuel and air are high. However
the rate of combustion slows downstream as the concentration gradients between the fuel and
air become smaller. This diffusion-controlled flame is representative of in-stream strut, or slot,
injection in the combustor.
In the case when the fuel and air are premixed, a second type of flame develops, termed a
heat-conduction flame. This type of flame is controlled by the diffusion of high temperature
species within the supersonic stream. Consider Figure 3.14 where again there are two streams
with different compositions. Stream II consists of a premixed inflow of cold air and fuel, while
stream I consists of a flame of high temperature combustion products. The two streams begin
to mix. The transport of high temperature species from stream I into stream II raises the local
temperature. If the local temperature is raised high the flow in stream II begins to burn. In this
case, the flame propagates throughout the flow field. Unlike the diffusion process without pre-
mixing, a heat-conduction flame may propagate, as the species concentrations do not diminish
as combustion proceeds. These ideas are important to highlight as the heat-conduction flame
concept is more applicable to combustion flames in scramjets with fuel injection upstream from
the combustion chamber (premixed) such as a radical farming scramjet [38] (as to be described
in Section 3.2.4.)
Owing to their propagative nature, heat-conduction flames require less time and therefore
length to achieve full combustion of fuel and air relative to diffusion-controlled flames [39].
However, the propagative nature of heat-conduction flames may also give rise to detonation
waves. Consider a uniform supersonic premixed stream passing over the ramp geometries given
in Figures 3.15 and 3.16 taken from Ferri and Agnone [39]. In both figures the flow is ignited
by the pilot flame at the bottom wall. The flame propagates in the flow via heat conduction.
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The local heat release generates combustion-induced compression waves, which propagate out
of the local region of heat release and compress the flow downstream. This increases the rate
of mixing, and rate of chemical reactions and causes the heat-conduction flame front to bend.
In Figure 3.15, the compression waves and the flame front merge and a detonation shock wave
forms with an angle of 30 o to the free stream in this case. The flow that passes over the det-
onation shock is ignited immediately. Detonation shocks are typically considered undesirable
in scramjet combustors, due to their volatile nature which makes them hard to control without
variable geometry [2]. Research on scramjets that use shock-induced combustion are known as
Shcramjets (see for example [40]), however they require variable geometry when flying over a
range of flight Mach numbers.
Detonation waves can be suppressed by cancelling the combustion-induced compression
waves with expansion waves. Expansion waves may be introduced by the combustor geometry,
as shown in Figure 3.16. The bottom wall contains an expansion that allows the compression
waves generated from combustion to be cancelled, thereby inhibiting the detonation wave from
forming. Instead, the combustion behaves as a wedge within the flow with a ramp angle of 5 o.
In both simulations we can see the effect of the combustion-induced compression waves, or TC,
however in the second case the compression waves do not coalesce to form a detonation wave.
Another method to control detonation is to have a nonuniform inflow with a high pressure
within the region of ignition and a low pressure (favourable pressure gradient) normal to the
streamwise direction. The combustion-induced compression waves can then be cancelled by
the spanwise flow gradients, much like the combustor geometry in Figure 3.16. The concept of
thermal and nonuniform-compression scramjet design was discussed in Section 3.1.
Controlling detonation waves in premixed flows can also be accomplished by varying the
fuel distribution [39] in the combustor. For example, a decreasing fuel distribution away from
the pilot flame lowers the amount of heat release, and therefore pressure rise, as the flame
propagates. The idea of using nonuniform-compression, TC, and variable fuelling was proposed
by Ferri to solve the long standing problem of achieving high performance in fixed geometry
scramjets that operate over a range of flight Mach numbers [2].
3.2.4 Fluid Dynamic and Combustion Interactions
Understanding fluid dynamic combustion interactions and their influence on ignition and com-
bustion provides insight into scramjet combustor design. In this work we focus on the com-
bustion processes generated from purposely induced nonuniform compression from the inlet
design. A numerical study by Molina [15] shows how 3-D flow distortion (flow nonuniformity)
delivered to the combustor serves to enhance the overall performance of a scramjet. Molina
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Figure 3.15: Detonation wave over a wedge [39].
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Scoop Less Flow DistortionJaws More Flow Distortion
Vorticies
Figure 3.17: Flow distortion generated by the Jaws and Scoop inlet [15]. The Jaws inlet generates higher
levels of flow distortion from the vorticies generated in the inlet.
showed that the performance of the Jaws inlet (see Figure 3.17), which produces high levels
of distortion, generated a higher thrust potential compared to the Scoop inlet, which produces
lower levels of distortion and has a higher compression efficiency. The performance enhance-
ment, in the Jaws engine, was due to the higher combustion efficiency, owing to the 3-D fluid-
dynamic and combustion interactions generated from higher levels of flow distortion.
Another example of combustion enhancement from purposely induced flow distortion is
the inlet-fuelled radical-farming scramjet [30, 38, 41]. In the radical-farming scramjet, shown
schematically in Figure 3.18, the shock waves generated by the inlet geometry are ingested into
the combustor. The flow field forms local “hot pockets” that provide ignition sources. These
“pockets” of locally high temperature and pressure, relative to the mean flow conditions, form
their upstream boundaries at shock reflections at the symmetry plane and walls of the combus-
tor; however, they are terminated on their downstream side by the expansion wave system that
propagates from the entrance to the combustor, as shown schematically in Figure 3.18. When
the temperature and pressure within the hot pocket is above that required for autoignition of the
H2 and air mixtures, flow that enters these regions begins to react and form intermediate com-
bustion species (radicals). If the flow residence time within the hot pocket is sufficiently long
heat release occurs, otherwise the radicals that form are transported downstream and facilitate
ignition at the next “hot pocket” . In the second case the upstream hot pocket acts as a “radical
farm”.
If the impinging shock, or adverse pressure gradient, is sufficiently large, the flow within
the boundary layer reverses its direction. This causes the boundary layer to separate from the
bottom wall. The characteristics of a 2-D shock-induced boundary-layer separation are detailed
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Figure 3.18: Schematic of a radical farming scramjet.
in Figure 3.19. The subsonic fluid re-circulates within the separation bubble in the vicinity of the
shock impingement location. The separation bubble generates a separation shock wave. Flow
passing over the separation bubble is compressed by the separation shock, before undergoing
an expansion over the separation. The expansion is then terminated by the reattachment shock.
High heat transfer rates are found at the boundary-layer reattachment region, detailed in Figure
3.19. This occurs as the reattaching shear layer must turn back towards the oncoming flow,
generating the reattachment shock whose compression waves within the shear layer cause a
significant thinning of BL and hence increased temperature gradient.
In radical-farming scramjets, the onset of separation is often found at the first SBLI within
the combustor [42, 43, 44]. The size of shock-wave-induced boundary-layer separation (SBLS)
is dependent on the thickness of the subsonic portion of the incoming boundary layer, and the
strength of the shock wave. In a turbulent boundary layer, the sonic line rapidly approaches the
wall as the outer Mach number increases compared to a laminar boundary layer. Hence, the
upstream influence length is shorter in turbulent flow than in laminar flows [45]. For turbulent
boundary layers, an increase in Reynolds number shortens the separation size. Cooling the wall
temperature reduces the onset of separation owing to the lower boundary layer temperature,
which increases the Mach number through the boundary layer, and reduces the subsonic portion.
Shock-wave-induced boundary-layer separations are typically considered undesirable for
scramjet performance, owing to the total pressure losses of the flow passing over them, and the
high heating loads they impart to the combustor walls, which can complicate the combustor
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Figure 3.19: Schematic of 2-D shock-induced boundary-layer interaction [46].
design. They also influence the chemical kinetics of the flow due to the high temperatures
generated within the separation bubble and at the reattachment point of the boundary layer to
the bottom wall. If shock-induced boundary-layer separations are sufficiently large, and they
entrain fuel, they act as flame holders due to long flow resident times, and high temperature
within the recirculation region. The shear layer surrounding the recirculation region is often
turbulent and transports radicals, generated in recirculation region, into the flow passing over the
separation. The influence of these viscous effects on combustion kinetics should be considered
in scramjet design.
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3.3 Chapter Summary
At the start of this Chapter we discussed the concept of using TC in scramjet engine design
to improve performance over a range of flight Mach numbers. We then presented the relevant
and fundamental concepts of supersonic combustion for the work to be presented in this thesis.
These included diffusion-controlled and heat-conduction flames and the formation and suppres-
sion of detonation waves. We then discussed how fluid-dynamic and combustion interactions
in scramjet engines can ignite the flow and influence combustion. With this insight, we can
now begin investigating the combustion of scramjets that use of nonuniform and thermal com-
pression using high fidelity CFD simulations. This approach allows use to link the fundamental
ideas of TC while accounting for the mixing and supersonic combustion physics.
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Chapter 4
Computational Fluid Dynamics as a Tool
for Thermal Compression
Investigation
Increasing computational resources has enabled the use of CFD to become widespread. Al-
though CFD cannot entirely replace experiments, in its current state, when correctly applied it
can provide significant insight into flow behaviour. Computational Fluid Dynamics also enables
us to investigate areas of hypersonic flow that are largely inaccessible with existing experimental
techniques. Another favourable aspect is the ability to investigate and probe the flow physics in
detail and to artificially control selected physical parameters of the flow. As is to be shown in
this thesis, such an ability is useful to isolate particular combustion processes in the flow.
4.1 Numerical Approach
The Navier-Stokes equations describe the motion of a continuum fluid. They are derived by
applying Newton’s second law of motion to a fluid element. Owing to their complexity, there
is no known general analytical solution, and as such, the equations in their general form can
only be solved numerically. Most practical engineering flows involve some form of turbulence,
which contains complex 3-D flow structures of many length scales. In order to properly resolve
these length scales using Direct Numerical Simulation (DNS), the required cell size reduces
proportionally to Re−9/4 for increasing Reynolds number. For hypersonic flows, where the unit
Reynolds number becomes large, solving the Navier stokes equation directly using DNS be-
comes impractical even with the state of the art computational power. As such, the equations
are typically simplified by employing turbulence models, which reduces the computational re-
quirements for a given simulation, however, with a loss physical accuracy. In this thesis, the
flow is simulated using the Reynolds-averaged-Navier-Stokes (RANS) equations. Solving the
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RANS equations provides an estimate of the mean flow field parameters through the use of a
turbulence model. Other more sophisticated modelling techniques, such as Large Eddy Simula-
tions (LES) and hybrid RANS-LES such as Detached Eddy Simulations (DES), are becoming
popular within the hypersonic CFD community, however, at present, still require relatively large
amounts of computational resources. This is because LES requires time accurate stepping such
that the simulation becomes statistically converged, which can cost upwards of an order of
magnitude in computational time.
4.1.1 CFD++
In this work, we use the CFD code CFD++ developed by Metacomp Technologies [47]. CFD++
is an efficient Total Variation Diminishing (TVD) second order accurate in space finite volume
solver, and is capable of solving both the steady and unsteady, i.e. time-accurate, 3-D Navier-
Stokes equations for compressible flows with finite-rate chemistry. User-defined chemical kin-
etics reaction schemes may be specified for simulations of chemically reacting flows. CFD++
works on unstructured grids, but also handles structured curvilinear grids and structured/un-
structured hybrids. The code has an advanced domain decomposition methods to improve effi-
ciency by dividing the computational workload over multiple processors in an optimal manner.
Many sophisticated convergence acceleration methods are also employed throughout the code,
including point-implicit time integration, a range of multi-grid and relaxation schemes, local
time-stepping for steady-state simulations and dual-time stepping for time-accurate problems.
In this work we use fully structured grids. All simulations are run to steady state integrating
through time using the (implicit) backward Euler method, with local time stepping and a MV-
cycle agglomerated multigrid algorithm.
Inviscid fluxes are calculated using the Harten, Lax and Van Leer with contact discontinu-
ity (HLLC) [48] non-linear approximate Riemann solver with a multidimensional polynomial
interpolation method and a continuous flux limiter. The minmod flux limiter is also available
in CFD++, however convergence was found to improve when using the continuous flux limiter.
Viscous fluxes are computed using the same multidimensional polynomial framework.
Viscosity (µ) and thermal conductivity (κ) for individual species is specified according to
the Sutherland law approximation. For multi-species flows, Wilke’s mixing rule is applied to
find global values for the transport properties from the mixture constituents’ properties. The
laminar Prandlt number is calculated from the thermal conductivity, viscosity and specific heat
(cp), Pr = cpµ/κ. In all simulations, the laminar to turbulent Prandlt number ratio is held
constant, 0.8. In CFD++, thermodynamic properties of individual species are computed using
the empirical polynomial curve fits from [49]. The coefficients used in the polynomial equations
are taken from the thermodynamic properties database compiled from McBride et. al. [49].
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4.1.2 Turbulence Modelling
Turbulence modelling remains a state of the art research area. At present, no single turbulence
model can be applied to any given problem without some uncertainly. In this work we use
the Menter Shear-Stress-Transport (SST) model [50]. This two-equation turbulence model has
become a popular choice in the aerospace community. The model computes the turbulent kinetic
energy and the turbulent energy dissipation rate. Details of the kinetic energy production, Dk
Dt
,
and the rate of specific turbulent energy dissipation Dω
Dt
are given in Appendix B along with the
closure coefficients and auxiliary relations specific to the SST model used in this work.
The SST model blends the k − ω [51] at the inner boundary layer and blends to the k − ǫ
[52] in the free stream [53]. It does this through blending function which is given in Equation
4.1, where φ1 represents constant 1 and φ2 represents constant 2. The constants used in this
thesis are given in Appendix B. F1 is hyperbolic function, and therefore varies between 0 and
1. The formula for F1 is given in the auxiliary functions is given in Equation 4.2.
φ = φ1F1 + φ2(1− F1) (4.1)
F1 = tanh
{{
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k0.5
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]}4}
(4.2)
Another important detail of the SST model is the calculation of the specific eddy viscosity
which contains a max(a1ω; ΩF2) denominator. This term is included to limit the over produc-
tion of shear stress that is typically predicted when using two-equation turbulence models, such
as the k − ω, in boundary layers with adverse pressure gradients [53]. The value of F2 takes on
the value of 1 in the boundary layer, and 0 in the free stream. This is an important to the applic-
ation of this turbulence model in the work presented in this thesis as the flow path in scramjets
experience high adverse pressure gradients in the vicinity of SBLI. Furthermore, turbulence
production and dissipation terms are corrected to include compressibility effects. The correc-
tion approach used was that for wall-bounded flows, which compensates for compressibility by
reducing turbulence kinetic energy production.
Like all turbulence models based on the Boussinesq hypothesis, the assumption of linear
proportionality between the mean strain and Reynolds stresses breaks down in flows character-
ised by strong adverse pressure gradients and significant streamline curvature. As shown in [54],
the SST model can suffer in predicting the characteristics of strong SBLI. On the other hand, it
has been shown to be accurate in predicting the characteristics of shock-induced boundary-layer
separation in scramjets engines. The reader is directed to work in [55, 56].
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Due to their uncertainty in predicting the behaviour of SBLI, it is important to validate a
turbulence model using experimental data. Experiments performed in T4 have shown that the
SST turbulence model has been used to successfully reproduce the combustion and ignition
behaviour of inlet-fuelled high-Mach number scramjets (see for example [30, 57, 58]). There-
fore, for the purposes of this work the SST is reasonable baseline turbulence model. Many of
the important simulations in this work will be run with other turbulence models as a means to
check the solution is not dependent on the SST turbulence model only. These models include
the one-equation Spalart-Allmaras [59] three equation k − ǫ−Rt model [60].
In this work, no turbulence chemistry interaction model is used (laminar chemistry). This
will be discussed further in Section 4.3. This approach has successfully reconstructed super-
sonic combustion experiments, see for example [30, 41, 58]. In these works CFD++ correctly
predicted the pressure rise within a scramjet combustor from experiments performed in the T3,
T4 and HEG (High Enthalpy Wind Tunnels) shock tunnels at The Australian National Uni-
versity, The University of Queensland and the German Aerospace Centre (DLR), Goettingen
respectively. Furthermore, comparisons to Schlieren measurements confirmed that CFD++, us-
ing the RANS approach with the SST turbulence model, is capable of producing the correct
flow field structure for cases with and without fuel injection.
4.2 Discussion on Mixing Modelling
The mixing process in a shear layer of fuel and air is controlled by turbulent eddies. Large
scale eddies breakdown into smaller eddies. The eddies effectively increase the surface area for
laminar diffusion and therefore enhance mass transport in the shear layer. In a nonreacting flow,
the behaviour of these eddies is sensitive to many flow field parameters such as the compress-
ibility, pressure, and pressure and density gradients (shock waves and expansion waves) (see
[37] for an in-depth review). In RANS modelling, the flow quantities are decomposed into a
mean and fluctuating component. The effect of these eddies (the fluctuating component) on the
diffusion of mass (mixing) is modelled through the eddy viscosity (Boussinesq assumption),
which is calculated using a turbulence model - we use the SST turbulence model is used in
this work - and the turbulent Schmidt number (see Appendix A). Often the turbulent Schmidt
number needs to be calibrated from experiments. The turbulent Schmidt number is typically set
to constant values throughout the flow field, even though values for these coefficients have been
found to vary spatially [61]. Tuning the turbulent Schmidt is a limitation of RANS, however
spatially varying can also be implemented. However, to implement a spatially varying Schmidt
number, one needs to know how it varies across the flow field. This could only be defined if
some higher order method could be trusted to assign values. Good agreement has been found
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between RANS, using a constant Schmidt number, and other high fidelity approaches, such as
LES, that directly simulate eddies. An example of this is given in Figure 4.1 taken from [62].
As discussed, higher fidelity models such as LES and hybrid RANS-LES are becoming
more popular. The equations are filtered such that eddies on the order of the cell-size and
larger are resolved directly by the numerics. The effect of eddies smaller than the cell size are
modelled. We call this subgrid-scale modelling. Therefore with LES, the large scale eddies,
which contain the majority of the turbulent kinetic energy, are resolved. Resolving the large
scale eddies provides details about how turbulence dynamics impact the flow field. This may
include the effect unsteady effects to shock-induced boundary layer separations.
The inherent drawback of using RANS is the loss of detail on the unsteady behaviour of
eddies. The loss of detail of these flow structures is concerning when investigating the mixing,
and combustion processes of the flow in detail. RANS, however, offers a computationally
attractive means to explore a wide design space through modelling the small-scale turbulent
eddies, but correct application of RANS turbulence models always required some tuning when
they are applied to new problems. Extensive experience has been gained in the Centre for
Hypersonics using RANS models for radical-farming scramjets and good agreement between
the main flow behaviour and experiment has been successfully achieved in a number of works,
[30, 58, 63, 64].
For RANS, the turbulent transport of heat and mass is largely dependent on the turbulent
Schmidt number, which is typically held constant throughout the flow field. The value assigned
to the turbulent Schmidt number is often calibrated from experiments. The turbulent Schmidt
number takes on constant values on the order of one [61]. As no experiments have been conduc-
ted for the geometries used in this thesis, all simulations presented in this thesis use a turbulent
Schmidt number of 0.7, which is consistent with previous CFD efforts to reconstruct radical-
farming experiments in [30, 58, 63, 64].
To highlight the limitations of RANS, we examine a comparison of the mixing predicted in
an inlet-fuelled axisymmetric scramjet (SCRAMSPACE model [42, 65]) using DES and RANS
taken from [62]. Excellent agreement is found in the mean hydrogen distribution between the
two modelling approaches after the entrance of the combustor (x = 0). However, upstream
of the combustor (x < 0), we see that RANS underpredicts the mixing distributions. This is
because the influence of large eddies within the shear layer are not accurately modelled using
RANS. The RANS simulation uses the SA turbulence model with a turbulent Schmidt number
of 0.75. The simulations were performed using US3D [66] which only has the SA turbulence
model available. One way to improve the agreement in the inlet is to alter the turbulent Schmidt
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number (in this case lower it to increase mass diffusion) to alter the mass rate of diffusion [61].
However, this may then lead to higher mixing in the combustor.
Another example of a mixing comparison between RANS and DES is given in Figure 4.2
taken from [67]. The results show that RANS simulations using the SST turbulence model
and a turbulent Schmidt number of 1.0 accurately models the mean flow field relative to the
DES. In this example the mixing takes place in the cavity that has fully developed turbulence
(homogeneous).
4.3 Discussion on Combustion Modelling
For combustion to take place, fuel and air must be mixed on a molecular level at appropriate
thermodynamic conditions. If reactions are fast relative to the rate of mixing, then the process is
controlled by the rate at which fuel and air mix. For fast chemistry, energy release and product
formation occur simultaneously, leading to a highly stretched flame. If chemical time scales
are of the same order as the timescale of the turbulence then there is a possibility that the flame
can become extinct, as the production of radicals may be diffused out of the local region of
mixing before an adequate concentration of radicals can be formed. These effects are termed
turbulence/chemistry interactions. In RANS, turbulence/chemistry interactions are commonly
modelled using probability density function (PDF), see discussions in [68, 69, 70, 71] for more
detail.
If turbulence/chemistry interactions are not accounted in RANS equations, combustion takes
place once the turbulence model predicts that fuel and air are mixed and the temperatures are
pressure are sufficient for chemical reactions to proceed. This is known as laminar combustion.
In [70], reacting RANS (using the SST Turbulence model) for laminar and turbulence/chem-
istry interactions (using the PDF method) is compared. The results show that including the
turbulence/chemistry interaction, using the PDF approach, made minimal changes to the com-
bustion behaviour. This view point is also supported by [71], where again in a supersonic flow
the inclusion of a PDF model to account for combustion was found to have minimal impact on
the results. Both the laminar and turbulence/chemistry interaction simulations matched the ex-
perimental data with little discrepancy. Although these studies found that the PDF has minimal
impact on the combustion, this is not always the case. Agreement will depend on the geometry,
conditions and the form and manner in which the PDF evolution equation is solved.
RANS offers a computationally attractive means to explore a wide design space through
modelling the small scale turbulent eddies, but correct application of RANS turbulence mod-
els always requires some tuning when they are applied to new problems. Extensive experi-
ence has been gained in the group using RANS models for radical farming scramjets, however,
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RANSRANS-LES
Figure 4.1: Hydrogen mole fraction from hybrid RANS LES(left) and RANS (right) at various stream-
wise locations in SCRAMSPACE scramjet [62].
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x
Low Fuel Rate SST with ScT = 1.0 High Fuel Rate SST with ScT = 1.0
High Fuel Rate DES Low Fuel Rate DES 
Figure 4.2: Time-averaged hybrid RANS-LES and RANS with SST ethylene mole fraction contours.
Dashed line shows φ = 1.
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Figure 4.3: Effect of fuel injection and combustion (medium pressure condition). Comparison between
experimental and numerical pressure coefficients at η = 13 o (angle offset from injector) for fuel-off
and fuel-on into N2 and air (φ = 0.466).
and good agreement between the mean flow behaviour and experiment have been successfully
achieved in a number of works. For example, the combination of the SST Turbulence model
and Jachimowski 1992 reaction mechanism (with laminar combustion) has been shown to ac-
curately reproduce inlet-fuelled scramjet pressure distributions from experiments conducted in
impulse facilities. Figure 4.3 shows the pressure distribution comparison of the SCRAMSPACE
geometry from experiments conducted at HEG Goettingen (High Enthalpy Wind Tunnel) and
CFD++. There is good agreement between the experiments and RANS simulations, for more
discussion see [58]. Motivation for this work is to uncover how pressure waves generated from
combustion (TC) from one region interacts with the mean flow field structures and affects com-
bustion in other regions. Given the small impact of turbulence/chemistry interaction models to
reproduce supersonic combustion experiments (in RANS simulations), no turbulence/chemistry
interaction model is used in the simulations presented in this thesis.
The simulations on the radical farming scramjet in [58] used a turbulent Schmidt number of
0.7. Changing the turbulent Schmidt number may also influence the combustion characteristics
of this type of engine. Ignition in a radical farming engine is dependent on the temperature
and pressure generated at hot pockets at SBLIs. A decrease in turbulent Schmidt number will
increase mixing in the inlet which may influence the ignition from within hot pockets at SBLIs
(see discussion in Section 3.2.4) due to the cooling effect from the increased diffusion of hy-
drogen into the boundary layers of the scramjet. Alternately, the enhanced mixing in the engine
may increase heat release if the engine is mixing limited (see discussion in Section 3.2.3).
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4.4 Finite Rate Reaction Modelling
The chemical kinetics are modelled using the 13-species 33-reaction Hydrogen-Air reaction
mechanism of Jachimowski [35], that was developed in the context of the USNational AeroSpace
Plane program (Table 4.1).
Discussion on modelling chemical nonequilibirum, from fundamentals, can be found in
[46]. The most important equations and concepts are repeated here. The net rate of production
for a given species, which appears as ˙¯w quantity in Equation A.5, within the flow is given by
the law of mass action:
d[Xi]
dt
= (v
′′
i − v
′
i){kf
∏
[Xi]
v
′
i − kb
∏
[Xi]
v
′′
i } (4.3)
where v
′
i and v
′′
i are based on the stochiometric number for the given species, Xi. The rate
coefficients for the forward and backward rates, kf and kb, are specified based on curve fits
from experimental data in the form of the Arrhenius Equation 4.4:
k = ATBe−E/RT (4.4)
where T is temperature, R is the universal gas constant, and A and B are obtained through ex-
periments. E is the activation energy, measured from experiment. For recombination reactions,
the activation energy is zero. For dissociation reactions, the activation energy is some finite
value that is transfered to the molecule from collisions. The strength of the collision is depend-
ent on the relative velocities of the particles, and therefore temperature. Hence, as we increase
temperature the exponential part of the Arrhenius equation, e−E/RT becomes larger, and so does
kf . For recombination, E = 0, the Arrhenius equation simplifies to ATB. The rate of reaction is
then dependent on the T and the constant B and A.
The forward, kf , and backward, kb, rate constant are related through the equilibrium con-
stant, Kc, which, for a given gas composition, is a function of temperature only. Therefore, in
practice, we only need to specify the forward rate, kf , and the backward rate, kb, can be readily
calculated. This is what is done when using the Jachimowski’s model.
kf
kb
= Kc (4.5)
Finite Rate Reaction Modelling Section 4.5 71
Table 4.1: Jachimowski hydrogen-air combustion model a [35].
Reaction # Reactions b An ηn Ean
(1) H2 +O2⇋HO2 +H 7.00× 1013 0 56800
(2) H +O2⇋OH +O 2.20× 1014 0 16800
(3) O +H2⇋OH +H 5.06× 104 2.67 6290
(4) OH +H2⇋H2O +H 2.16× 108 1.51 3430
(5) OH +OH⇋H2O +O 1.50× 109 1.14 0
(6) H +OH +M⇋H2O +M 8.62× 1021 -2.0 0
(7) H +H +M⇋H2 +M 7.30× 1017 -1.0 0
(8) H +O +M⇋OH +M 2.60× 1016 -0.6 0
(9) O +O +M⇋O2 +M 1.10× 1017 -1.0 0
(10) H +O2 +M⇋HO2 +M 2.30× 1018 -1.0 0
(11) H2O +H⇋OH +OH 1.50× 1014 0 1000
(12) HO2 +O⇋O2 +OH 2.00× 1013 0 0
(13) HO2 +OH⇋H2O +O2 2.00× 1013 0 0
(14) HO2 +HO2⇋H2O2 +O2 2.00× 1012 0 0
(15) H +H2O2⇋H2 +HO2 1.70× 1012 0 3780
(16) H +H2O2⇋OH +H2O 1.00× 1013 0 3580
(17) O +H2O2⇋OH +HO2 2.80× 1013 0 6400
(18) OH +H2O2⇋H2O +HO2 7.00× 1012 0 1435
(19) OH +OH +M⇋H2O2 +M 1.60× 1022 -2.0 0
(20) N +N +M⇋N2 +M 2.80× 1017 -0.8 0
(21) N +O2⇋NO +O 6.40× 109 1.0 6300
(22) N +NO⇋N2 +O 1.60× 1013 0 0
(23) N +OH⇋NO +H 6.30× 1011 0.5 0
(24) H +NO +M⇋HNO +M 5.40× 1015 0 -600
(25) H +HNO⇋NO +H2 4.80× 1012 0 0
(26) O +HNO⇋NO +OH 5.00× 1011 0.5 0
(27) OH +HNO⇋NO +H2O 3.60× 1013 0 0
(28) HO2 +HNO⇋NO +H2O2 2.00× 1012 0 0
(29) HO2 +NO⇋NO2 +OH 3.40× 1012 0 -260
(30) HO2 +NO⇋HNO +O2 2.00× 1011 0 1000
(31) H +NO2⇋NO +OH 3.50× 1014 0 1500
(32) O +NO2⇋NO +O2 1.00× 1013 0 600
(33) M +NO2⇋NO +O +M 1.16× 1016 0 66000
a Units are in seconds, moles, cm3, calories, and K.
b Third-body efficiencies for all reactions involving a third body collision partnerM are as follows:
2.5 for H2, 16.0 for H2O, and 1.0 for all other species.
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4.5 Chapter Summary
In this chapter we have presented the numerical framework to be used in CFD++ and provided
details of the physical models that are employed to simulate the scramjet flow paths in this
thesis. We have also highlighted howmodelling limitations in the RANS formulation impact the
accuracy of the real flow physics. The following chapter investigates the combustion behaviour
of 2-D planar scramjets using CFD.
Chapter 5
Two-Dimensional Premixed Study
The preceding chapters reviewed the fundamental concepts of TC using past studies from Ferri
and Billig. We then discussed the fluid-dynamic and chemistry coupling interactions found in
supersonic combustion. This was followed by an overview of the numerical and physical mod-
elling approach that is employed in this thesis to investigate TC. In this Chapter, we continue to
systematically build up the complexity of the flow physics relevant to TC by investigating the
combustion in 2-D premixed single-ramp scramjets. This work provides insight into how the
added complexity of the flow structures, such as SBLIs, influence ignition and combustion. We
also show how TC effects in 2-D planar engine enhance combustion.
The 2-D scramjet used in this chapter is representative of radical farming scramjets which
use 2-D planar [30, 38, 41, 43, 58, 63, 72] and axi-symmetric [42, 65] inlets coupled with inlet
injection. This work is conducted with future follow on experiments in-mind in The University
of Queensland T4 shock tunnel. The engine geometries in [30, 41, 63, 64, 72] were successfully
tested in this facility, and therefore represent a suitable reference point for this research.
In this 2-D study we evaluate how the inlet contraction ratio and compression ramp angle
influence combustion. This is achieved by varying the geometry of a simple 2-D single ramp
planar scramjet. A premixed inflow is used to eliminate the 3-D flow phenomena introduced
from injecting sonic fuel into the supersonic cross flow. The jet interaction structures produced
by any injection method and their efficiency at mixing the fuel with the free stream are a crucial
factor in determining a practical scramjet engine performance [29]. Many philosophies exist
for the shape and location that injectors should be placed to maximise thrust [24, 26, 27, 73].
The aim here is not to optimise injector design or to investigate the combustion associated with
any single injection strategy. Rather we seek to determine the combustion processes that are
generated from flow features intrinsic to the engine flow path. Using a premixed inflow affords
us this opportunity. The insight gained from these simulations is used to design a 3-D scramjet
in the following chapter to investigate TC in 3-D nonuniform-compression engines.
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5.1 Simulation Set-Up
The 2-D baseline geometry used in this chapter, shown in Figure 5.1, has a CR of 3.28 with a
compression ramp angle of 13 o which is selected based on past studies involving nominally 2-D
radical farming scramjets (see [38, 41, 43, 63]). For example the CR used in radical farming
studies for 2-D planar compression are 3.0 in [41], 3.37 in [43] and 4.1 in [38].
The inflow conditions into the scramjet are given in Table 5.2. The free stream conditions
correspond to an altitude of approximately 29 km with a flight enthalpy, temperature, pressure
and equivalence ratio of 4.5 MJ/kg, 227 K, 2000 Pa and 1.0 respectively. The flow enthalpy
is equivalent to a flight Mach number of 10, which is a suitable reference point for high Mach
number scramjet space-access applications [30]. The inflow conditions give a dynamic pressure
of 100 kPa which is at the upper limit of the acceptable dynamic pressure for structural require-
ments of hypersonic aircrafts [1]. Flow conditions representative of the selected free stream
conditions used in this study have also been produced in the T4 shock tunnel (see [64]).
Premixed H2 and air, with an equivalence ratio of 1, is set as the inflow condition. The intro-
duction of H2 in the freestream reduces the Mach number from 10 to 8.5, owing to the change in
the gas mixture speed of sound. The outflow boundary is set to supersonic outflow, while walls
are set to no-slip isothermal walls with a constant temperature of 300 K. The boundary condi-
tions are given in Figure 5.1. The mass fraction of H2, O2 and N2 in the free stream are 0.0279,
0.2235, and 0.7490. Coefficients for calculating thermodynamic and transport properties of
individual species are specified from McBride et al [74].
The SST turbulence model is used to simulate turbulence. The finite rate chemistry is mod-
elled using the Jachimowski 1992 reaction scheme (see Table 4.4). The spatial discretisation
options selected in CFD++ are given in Table 5.3.
No turbulence chemistry interaction model is used in this work (laminar combustion). Free
Inflow
(Supersonic
Inflow)
Bottom Wall (Isothermal 300 K)
Cells Clustered to 1 μm. 
Outflow
(Supersonic 
Outflow)
Symmetry Plane
Leading Edge
Cells Clustered 50 μm
Figure 5.1: Boundary conditions and mesh topology for 2-D 13 o scramjet.
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Figure 5.2: Estimated flight envelope for scramjets [1].
stream turbulence is set to 2% while the turbulence/laminar viscosity ratio is set to 2.0.1 Other
turbulence modelling parameters used in CFD++ are summarised in Table 5.1. The physical
models selected here to simulate the scramjet have successfully reproduced scramjet experi-
ments in [58, 63, 64, 65].
A fully structured computational domain is used for all scramjet simulations, taking advant-
age of symmetry planes in each configuration. The nodes are spaced a maximum 0.75mm in
the streamwise direction. The cell topology is given in Figure 5.1. Cells are clustered to the
walls with a 0.75 µm cell height at the wall and 50 µm to the leading edge with a maximum
growth factor of 1.2. There are 317 cells along the inlet and combustor, and, 150 cells across.
This mesh topology resulted in y+ values lower than 1.0 at the wall.
5.2 Mesh Sensitivity Study
A mesh sensitivity study is performed to ensure the numerical results presented in the sections
that follow are mesh independent. The study is performed using a baseline 13 o single ramp
scramjet. All simulations are run to steady state using the implicit Euler method, with local time
stepping and Metacomp’s proprietary MV-cycle agglomerated multigrid with a CFL number
of 10. In each simulation, the residuals for mass, momentum and energy drop by 5 orders
1This assumption is based on past experience in T4 shock-tunnel testing.
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Table 5.1: Turbulence and combustion control options selected in CFD++.
Setting Value
Turbulent Schmidt number ScT 0.7
Laminar/Turbulent Prandlt number ratio (Pr/PrT ) 0.8
Freestream turbulence level 0.02
Free stream Turbulent/Laminar viscosity ratio 2.0
k (freestream) 5.4e3m2/s2
ω (freestream) 4.129e6 s−1
Turbulence underelaxation parameter 1.0
Minimum level of turbulence quantities 1.0e-12
Maximum ratio of turbulent to laminar viscosity 1.0e10
Metacomp compressibility correction on
Compresibility correction flow type Wall-bounded
Include baroclinic effect on production no
Combustion option cfl-independent
Table 5.2: Free stream conditions.
Parameter Value
M∞ 8.45
u∞ 3000 m/s
p∞ 2000 Pa
T∞ 227 K
φ 1
Tt 3468 K
pt 29 MPa
ht 4.5 MJ/kg
Re∞ 4.7 ×106 / m
cH2 0.0279
cO2 0.2235
cN2 0.7490
Table 5.3: Spatial discretization options selected in CFD++.
Parameter Value
TVD solver Continuous
Baseline Polynomial Centroidal
Out of face viscous polynomial Active
Order of inviscid discretization 2nd Order
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of magnitude before temporal convergence is achieved. Therefore a high quality steady state
solution is obtained for each simulation.
Mesh convergence is assessed by comparing the temporally converged solution on a fine,
medium (baseline) and coarse mesh. The coarse and fine mesh have a coarsening and refinement
factor of 1.5 in each spatial direction (x, y). The first cell height at the wall is also scaled by
a factor of 1.5 in for the coarse and fine mesh. As is discussed in the following sections, the
ignition behaviour of the scramjet is controlled by the characteristics (shock strength, separation
size, temperature and pressure) of the SBLI. Therefore resolving SBLI characteristics is critical
to accurately capture the combustion physics.
A comparison of the combustion efficiency and the isolines with constant pressure coeffi-
cient on the coarse-medium and medium-fine simulations is given in Figure 5.3. Unless spe-
cified, the definition of combustion efficiency used in this thesis is the ratio of the actual H2O
mass fraction to the stoichiometric H2O mass fraction, for an equivalence ratio of 1, given in
Eq. 5.1. The recombination reaction to form H2O is strongly exothermic, and therefore is a
good indicator of heat (chemical energy) release within the flow field.
ηH2O,c =
H2O
H2Ostoichiometric
(5.1)
The flame propagation from the bottom wall into the core flow is identical (measured by the
height of the H2O contours from the bottom wall, 43% of the combustor height) in each mesh.
This shows that the flame propagation speed is the same in each mesh. The pressure coefficient
distribution for each mesh along the bottom wall of the combustor is given in Figure 5.4a. These
data show that the SBLI locations do not change when simulating the flow with each mesh.
The combustion efficiency distribution along the bottom wall of the combustor is given in
Figure 5.4b. The amount of H2O predicted at the first SBLI is 3% higher in the fine, relative
to the coarse and medium simulations. The amount of H2O at the exit of the combustor is ap-
proximately the same in each mesh. Ignition, as shown by the rapid increase in combustion at
x ≈ 0.18m), is achieved at approximately the same streamwise position in each mesh. The
coarse mesh predicts a shorter ignition length (3% of combustor length), followed by the fine
and medium simulation. The results show that the important flow physics responsible for com-
bustion are not changing with a coarsened or refined mesh. Therefore, we conclude that the
baseline, (medium mesh) provides a solution that accurately captures the important combustion
physics. The cell density and topology used in the baseline mesh (medium mesh) is used in all
simulations presented in this chapter.
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5.3 Ignition Delay Study
To check that the chemical kinetics modelled using the Jachimowski 1992 combustion mech-
anism are accurately modelled in CFD++, an ignition delay study is performed. The results
are compared to empirical ignition delay correlations from Colket and Spadaccini [75] and Per-
gament [36]. The 2-D flow domain (constant area duct) used to calculate the ignition delay
distance in CFD++ consists of a single row of evenly spaced cells 0.5mm apart. The top and
bottom surfaces were set to slip walls. The ignition delay distance is measured using the peak H
mass fraction. The inflow temperature and pressure are varied from 1200 to 2000 K at constant
pressures of 0.5, 1.0 and to 2 atm. The inflow velocity was held constant at 2500m/s. These
temperatures and pressures are representative of those typically found in scramjet combustors.
The results shown in Figure 5.5 show that the Jachimowski 1992 reaction mechanism follows
the Colket and Spadaccini [75] more closely than Pergament’s correlation. As expected, the
ignition delay distance decreases with increasing temperature and pressure.
The Colket and Spadaccini correlation is formulated from a number of experimental studies
taken from the literature [76, 77, 78, 79]. In these experimental studies the ignition delay time
of premixed H2/Air mixtures was measured from shock-tube experiments. One the other hand,
Pergament’s relations are derived numerically using a 8 reaction, 6 species reaction mechanism
that was validated against experiments conducted at General Applied Science Laboratories. In
Pergament’s reaction mechanism the species HO2, which was found to strongly affect ignition
times at the second explosion limit (1000 -1200 K) [77], is neglected. Given the exclusion of
HO2 in Pergament’s mechanism, and that the Colket and Spadaccini correlation comes directly
from experiments (from a variety of sources in the literature), we expect the Colket and Spadda-
cini to be a more physically accurate representation of the ignition delay times for H2/Air. The
Jachimowski 1992 ignition delay distance more accurately follows the Colket and Spadaccini
correlation between 1000 - 1400 K and pressure 0.5, 1.0 and 2.0MPa. The ignition delay time
at temperatures greater than 1400 K is overpredicted by the Jachimowski 1992 mechanism,
therefore it overpredicts the ignition delay distance relative to shock tube experiments. Note,
however, that the logarithmic scale exaggerates the error. For example, the difference in ignition
distance between CFD++ and Spadaccini’s correlation at 1800 K and 0.5 atm is 3.2mm. In the
numerical simulations presented in this chapter the combustor length is approximately 177mm,
which means that the this error in ignition delay time for a uniform inflow would represent
1.8% of the combustor length.
Note that, with all simulations presented in this thesis the CFL-Independent option was
invoked in the CFD++ chemistry menu. Without this option selected, ignition times were found
to be strongly dependent on the CFL number (time step). The ignition process with the CFL-
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Figure 5.4: Comparion of 2-D 13 o simulation using properties along the bottom wall taken from the
coarse, medium and fine simulation.
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Figure 5.6: Atomic H concentrations for the one-dimensional ignition delay study when using frac time
step or the CFL-independent option in the chemistry menu of CFD++.
independent and standard chemistry option (Frac time step) is given in Figure 5.6. In both
simulations, five integration steps were used for the chemistry inversion process. As shown in
Figure 5.6, with the Frac time step option selected, an increase in the CFL number resulted
in shorter ignition distances of the flow (peak H). A reduction in the CFL number (time step)
increased the ignition distance, until a CFL independent solution was found at a certain low CFL
number. In this example case, a CFL of 0.5 and 0.1 showed no change in the ignition distance.
To make the solution independent of this observed CFL dependency, and upon communication
with Metacomp, a “CFL independent” option was introduced into version 11.5 of CFD++. The
new CFL-Independent option ensures that all simulations have the correct chemistry modelling
when high CFL numbers are selected. To demonstrate this, a simulation with a CFL of 20
with the CFL-Independent option shows an identical ignition distance to the CFL independent
solution obtained using low CFL numbers using with the Frac time step.
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5.4 Uninstalled Specific Impulse Potential
Throughout this thesis we calculate and compare the performance of scramjets engines to one
another to evaluate how the combustion behaviour affects the overall performance. One metric
used to evaluate the performance is the uninstalled potential Isp given in Eq. 5.2. The 1-D values
in Eq. 5.2, such as the pressure and velocity, are the stream thrust average (STA) values [80]
at a given streamwise (x) cross-section. (see Figure 5.8). The STA properties are calculated
using onedval [81]. If no nozzle is included in the simulation, we calculate the outflow velocity,
U3 by assuming an isentropic nozzle expansion ratio (ER). The ER is calculated based on the
overall engine ratio (see Figure 5.7). It is important to maintain a constant engine ratio when
comparing engines with different inlet CRs (as performed in this work). The engine ratio gives
some indication about the wave drag (external pressure drag) of the vehicle. This is shown
schematically in Figure 5.7, where the angle, θE provides a measure of the wave (pressure) drag
on the scramjet. We can see that if the length of the scramjet, Ls is held constant, the angle
θE , and therefore wave drag is held constant between each engine design. Unless otherwise
specified, we use an engine ratio of 2.5 in all performance calculations presented in this thesis.
Isp = [m˙(U3 − U0) + A3(p3 − p0)]/m˙H2g (5.2)
5.5 Two-Dimensional Baseline Results and Discussion
The flow field produced by the baseline configuration has the typical characteristics of a radical-
farming scramjet as shown in Figure 5.9. As detailed at the start of this chapter, the baseline
has CR representative to past studies involving radical farming [38, 41, 43, 63]. Decreasing
the ramp angle to values less than 13 o for this combustor geometry results in no significant
production of H2O. The importance of this becomes clear in the following Chapter where a 3-D
engine is designed to only produce combustion on the high-compression side of the scramjet.
Hot pockets generated from interaction of shock waves produced by the inlet compression ramp
surface and boundary layer are shown by the high temperatures along the bottom wall of the
combustor in Figure 5.9b.
There is H2O production at the first boundary SBLI, which shows that the temperature,
pressure and flow residence time generated in the first hot pocket are sufficient to ignite the
flow. The pressure distribution for the frozen and reacting flow of a stream line travelling close
to the bottom wall is given in Figure 5.10. We see that there is a pressure rise (and therefore
heat release) of 25% relative to the frozen simulation at the second SBLI. This can also be seen
by the increase in H2O at the second SBLI. The shock impingement location at the third SBLI
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has shifted upstream by 0.03m. This can be explained by the decrease in Mach number from
combustion in the flow which causes the shock reflections to become steeper. The combustion
efficiency is very low, 25%. The baseline geometry is now altered to investigate the effect of
increasing the CR and compression ramp angle has on combustion. In all these simulations the
inlet length (LI) is held constant 0.1226m.
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Figure 5.7: Schematic to define the engine ratio.
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Figure 5.8: Schematic of expansion process using STA values to calculate uninstalled Isp potential of
the engine.
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5.6 Contraction Ratio
The CR is a critical design parameter for any fixed-geometry scramjet. As discussed in the
literature review, too much contraction at lowMach numbers is undesirable for practical reasons
of inlet unstarting, due to over compressing the flow within the inlet. Too little contraction,
however, can lead to poor engine performance, especially at high Mach numbers as shown in
the previous section with the baseline 2-D 13 o geometry. High CR scramjets may also exhibit
better ignition and combustion characteristics, due to the high mean temperatures and pressures
delivered to the combustion which facilitate faster heat release.
The influence of the CR for 2-D single-ramp planar scramjets is investigated here by com-
paring two simulations: one on the baseline geometry with a CR of 3.27 and compression ramp
angle of 13 o, and another on a 2-D 13o engine with a CR of 4.182 and a 13 o compression ramp.
In the former, the CR is increased to 4.18 by decreasing the combustor height from 12.5mm
to 8.9mm. Figure 5.11a compares the combustion process of each engine. The flow field pro-
duced within the 2-D engines have the same characteristics of a radical farming scramjet (see
discussion in Section 3.2.4).
The high CR simulation, shown in the upper half of Figure 5.11a, shows that the flow ignites
at the second SBLI (x = 0.23m), whereas the baseline engine (with a lower CR) ignites at the
first SBLI (x = 0.18m). Given that the high CR engine delivers a higher mean pressure (see
Figure 5.14) and temperature to the combustor, we would have expected it to ignite at an earlier
streamwise location. However, this example shows the opposite, that is the flow in the low CR
engine ignites at an earlier streamwise location. The temperature contours given in Figure 5.11b
shows that the first SBLI in the low CR engine produces a larger hot pocket relative to the high
CR engine. The higher temperatures and larger hot pocket allow the flow to be ignited at the
first SBLI in the low CR engine, whereas the flow in the high CR is not ignited until the second
SBLI. This highlights shows how the ignition behaviour in this type of engine is governed by
the local rather than the mean thermodynamic properties.
The combustion efficiency for both engines is compared in Figure 5.14b. The 4.18 CR en-
gine has a higher combustion efficiency (18%) compared to the low CR engine at the exit of the
combustor, even though the flow is ignited further downstream at the second SBLI (x = 0.23m).
This indicates that the higher mean pressure and temperature delivered to the combustor en-
hances combustion once ignition is achieved at the second SBLI. The mechanism for flame
propagation in both simulations is a diffusion heat conduction flame (premixed flame), which
is dependent on the rate of mixing (see Section 3.2.3). The mixing process is complex and
2A CR of 4.18 is used as the maximum CR in the 3-D engine that is designed in the following chapter.
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Figure 5.10: 2-D 13 o CR = 3.27. Comparison of the pressure distribution of a streamline close to the
bottom wall in the frozen and reacting flow field.
dependent on the compressibility of the flow, density gradients and pressure gradients, and heat
release rates [29, 37, 82]. Mixing was found to be strongly affected by flow compressibility
(higher Mach numbers). The mean Mach number delivered to the combustor for the high CR
scramjet is lower, and therefore the flow must possess better mixing, and therefore faster flame
propagation. In both simulations the flame extends 5.4mm into the core flow, however, noting
that the each engine has a different combustor height (12.5 and 8.9mm), the flame propagation
in the low and high CR is 43% and 60% of the combustor height. As the flame propagates into
the core flow by approximately the same amount (5.4mm) in both engines and that ignition in
the high CR engine is achieved at 60mm further downstream, the flame propagation speed in
the high CR engine must be faster. The higher flame propagation speed and lower combustor
height result in the higher combustion efficiency.
The results presented in this Section highlight how the ignition behaviour of the engine
is sensitive to the local thermodynamic properties generated at SBLIs. However, overall, we
observe that the combustion efficiency (and pressure rise) of the scramjet increases with an
increase in inlet CR.
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5.7 Compression Ramp
The influence of the compression ramp on the combustion is investigated here. An increase in
the inlet compression ramp angle increases the strength of the shock wave propagating through
the engine, which leads to stronger SBLIs in the combustor. As the ignition behaviour is de-
pendent on the SBLI properties (temperature, pressure, size) we anticipate that the ignition and
combustion improves with an increase in compression angle. This is investigated using two en-
gines with inlet compression angles of 13 o and 18 o, both with a CR of 4.18. The 13 o geometry
is the same geometry as the high CR engine investigated the previous section. With a constant
CR of 4.18 constraint in place, an increase in compression angle must be met with an increase
in the combustor height. The corresponding combustor height for the 13 o and 18 o scramjet3 is
8.9mm and 12.5mm respectively.
The results for both engine geometries are given in Figure 5.12. The combustion efficiency
and constant pressure coefficient contour lines for both of these engine geometries are presen-
ted in Figure 5.12a. The upper and lower half of engines in Figure 5.12 show the 13 o and 18 o
engine respectively. Both simulations show the boundary layer separates from the bottom wall
at the first SBLI. The boundary layer separation in the 18 o engine is larger and generates higher
temperatures relative to the 13 o geometry. In the 18 o geometry the flow is ignited from within
the recirculation bubble. Radicals diffuse out of the recirculation bubble and into the bound-
ary layer reattachment region where combustion takes place. The 18 o simulation has stronger
SBLIs and higher mean pressure and temperature compared to the 13 o simulation. As in the
simulations presented in Section 5.6, the flame propagates into the core flow from the bottom
wall. However, between 0.28 < x < 0.3m, the entire core flow is rapidly ignited. Figure 5.13
also shows that H2O is produced within the core flow at the same streamwise location. The
sudden increase in combustion suggests that there is another combustion process present in the
simulation. This combustion process is TC from pressure waves generated from combustion at
the bottom wall, which propagate into the core flow and increase the temperature and pressure.
The TC causes the core flow to autoignite at x ≈ 0.28m.
The influence of TC from combustion close to the wall of the combustor on the core flow
is isolated by artificially suppressing reactions within 50% of the combustor. This is shown in
the upper half of in Figure 5.13. The reaction suppression region eliminates the influence of TC
from combustion at the wall of the combustor to the core flow. With the reactions suppressed,
the flow at the centreline of the engine ignites at 0.37m as opposed to 0.28m, in the fully
reacting simulation. This demonstrates that there is combustion enhancement within the core
3The 2-D 18 o geometry corresponds to the high-compression profile used in the 3-D nonuniform-compression
scramjet to investigate TC in the following chapters.
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from TC from combustion that occurs upstream close to the bottom wall. This behaviour is not
observed in the 13 o simulations.
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5.8 Engine Comparison
The stream thrust average pressure coefficient, combustion efficiency and uninstalled thrust
potential throughout the three engines geometries investigated in this chapter are presented in
Figure 5.14. Figure 5.14a shows that the pressure rise in the 18 o engine is higher relative to
the 13 o configurations. This is also reflected in the combustion efficiency data, given in Figure
5.14b. The total pressure losses in the 18 o engine are higher than the 13 o geometries, indicated
by the lower Isp potential at the entrance of the combustor in Figure 5.14c. Also shown is that
the uninstalled Isp potential in the 18 o is higher than the 13 o2-D geometries. This result shows
the benefits of a constant-area combustor, where TC effects have enhanced performance.
This study demonstrates another subtlety, as discussed in the literature review in Section
2.1, that compression efficiency, in some instances, can be sacrificed to achieve higher mean
pressure and temperature to the combustor which results in higher combustion efficiency. The
uninstalled Isp potential of the engine improves as a result (Figure 5.14c).
5.9 Turbulence Model Sensitivity Study
Often RANS turbulence models do not correctly predict SBLI characteristics such as the start-
ing location of pressure rise, pressure within the separation and heat transfer rates to the wall
[82]. As such, further numerical simulations on the 18 o compression ramp are conducted to
investigate the sensitivity, and therefore the ignition behaviour of this type of engine, to other
turbulence models. This is performed using the single equation Spalart-Allmaras (SA) [59]
and three equation k-ε-Rt [83] turbulence models. The nonreacting temperature contours are
compared in Figure 5.15a to the baseline SST solution. The separation bubble size, depicted
by the dividing streamline, is consistently predicted, within 13%, by each turbulence model.
This is also shown by the shear stress in Figure 5.15b, extracted from the bottom wall of the
engine. The maximum temperature produced at the SBLI in the SA, k-ε-Rt, and SST is 2100K,
2100K and 2000K respectively. The SST solution contains the lowest temperature within the
separation bubble, and therefore is considered to be the most conservative in terms of achieving
ignition. Despite the sensitivity of the SBLI characteristics to the different turbulence models
investigated here, the overall physical processes that facilitate ignition appear to be independent
of turbulence models considered in this work. Unless otherwise specified, the SST turbulence
model is used to simulate turbulence for all simulations presented in this thesis.
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Figure 5.14: 2-D premixed results.
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Figure 5.15: Results of turbulence model sensitivity study with 2-D 18 o compression ramp.
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5.10 Chapter Summary
The analysis presented in this chapter is only valid for a premixed inflow, however it highlights
the sensitivity of the ignition and combustion to the local flow properties and not the mean, or
1-D, flow properties which are often employed in scramjet engine design. The main findings
from this chapter are:
1. The ignition behaviour is not strongly dependent on the level of compression, rather the
characteristics of the SBLI for this class of scramjet.
2. An increase in the CR, holding the compression ramp angle constant, improves combus-
tion.
3. An increase in the compression ramp angle, with a constant CR, improves ignition and
combustion.
4. Thermal compression effects enhance combustion within the 2-D 18 o configuration.
The insight gained from this 2-D premixed study is used to design a 3-D nonuniform-
compression scramjet in the following chapter. This generic 3-D engine contains a high-
compression side that generates sufficient contraction to autoignite the flow and a low-compression
side that generates insufficient contraction to autoignite the flow. The chapter investigates
whether TC can ignite the flow in the low-compression side of the engine.
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Chapter 6
Three-Dimensional Premixed Study
In this thesis we have gradually increased the complexity of the flow physics associated with
TC in each chapter, and so following systematic approach stated at the start of this thesis.
Chapter 2 provided a fundamental zero-dimensional scramjet engine analysis to introduce the
key problems of fixed geometry scramjets that must operate over a range of Mach number
to highlight why TC is useful in fixed geometry scramjet design. Chapter 3 introduced the
concept of TC in multidimensional scramjet engine design using past studies from Billig [21]
and Ferri [2]. Those studies used simple 2-D engine geometries, and simplified the analyses
by neglecting the mixing processes and the influence of shock waves and boundary layers. The
previous chapter investigated the different combustion regimes encountered for various inlet
compression in 2-D planar scramjet with premixed inflows and isolated a simple form of TC-
combustion, where combustion in a hot pocket (at a shock-induced boundary layer interaction)
produced compression waves that trigger combustion in the nearby core flow of the combustor.
In keeping with the gradual increase in complexity with each chapter, this chapter extends
upon the 2-D premixed study by investigating how the addition of a spanwise nonuniform-
compression gradient influences the combustion in premixed scramjets.
This chapter begins with the design of a 3-D nonuniform-compression engine, based on
the 2-D premixed simulations presented in the previous chapter. This 3-D engine is then used
to quantify the combustion processes within nonuniform-compression scramjets. The 3-D in-
let is designed with high-compression and low-compression sides. The high-compression side
(2-D 18 o compression) produces sufficient compression to autoignite the flow, while the low-
compression side (2-D 8 o compression) produces insufficient compression to ignite the flow.
The 3-D engine is then designed by morphing the high-compression and low-compression side
such that both ranges of combustion are provided in the same flow path. The engine is designed
in this way to allow us to determine whether the combustion within the high-compression
side can ignite the flow within the low-compression side. We evaluate whether the ignition
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of the flow in the low-compression side can be caused by TC from combustion in the high-
compression side. We also investigate whether there are other combustion processes that facil-
itate ignition in the low-compression side.
This is followed by a study into how the degree of spanwise nonuniformity affects the 3-D
combustion processes. Such insight can be applied to realistic scramjet engine designs. The
combustion efficiency, pressure rise and uninstalled specified impulse of the 3-D engine is also
compared to a nominally 2-D engine of approximately the same CR and PR. This is done to
evaluate whether there are performance benefits from the 3-D combustion processes relative to
2-D scramjet engine of the same mean inlet compression ratio.
6.1 Engine Design
As discussed previously, the 3-D engine used to investigate TC is designed to produce condi-
tions for autoignition in only the high-compression side of the combustion chamber. This is
because we seek to determine if, and how, the combustion within the high-compression side
can ignite the flow within the low-compression side. A single ramp planar symmetric inlet with
a rectangular constant-area combustion chamber is used in the design to make the numerical
solution performed here easily applicable for future experiments, including flow visualisation
in ground test facilities such as the University of Queensland’s T4 hypersonic reflected shock
tunnel. The constant-area combustor allows compression waves generated from combustion
in the high-compression region to compress the flow in the low-compression side, thereby in-
fluencing the ignition and combustion in the low-compression side. The methodology used to
generate the 3-D engine configuration is given here:
1. Select flight condition (Table 5.2)
2. Find a 2-D engine geometry with a sufficient CR for autoignition (2-D premixed simula-
tions in CFD++)
3. Select a 2-D engine geometry with a lower CR that does not lead to autoignition (2-D
premixed simulations in CFD++)
4. Perform a linear shape transition between the two geometries in the spanwise (normal to
flow) direction to generate the 3D engine geometry.
The free stream conditions are given in Table 5.2. The turbulence parameters used are
identical to those in the 2-D premixed study (Table 5.1). The 2-D engine simulations used
to construct the high- and low-compression side of the scramjet are given in Figures 6.1a and
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Table 6.1: Dimensions of 3-D nonuniform-compression engine geometry used to investigate TC.
θl 8.0 o WI 100mm Hc 12.5mm
θh 18.0 o LI 126.6mm Hh 52.3mm
θs 12.7 deg Lc 174mm Hl 29.7mm
6.1b. The compression ramp angle is altered in each simulation while the length of the inlet
(x = 0.1226m) and combustion chamber height (hc = 0.0125m) are held constant. The
engines have a compression ramp angle of 12, 13 and 18 o. As discussed in the preceding
chapter, an increase in the ramp angle increases the CR and PR of the scramjet at the expense of
an increase in the total pressure loss over the inlet. All these effects contribute to higher mean
temperature and pressure delivered to the combustor and increases the strength of the shock
waves passing through the combustor. In each simulation, the boundary layer locally separates
from the bottom wall at the first SBLI within the combustor. This does not lead to any engine
unstart or inlet-combustor interactions. For ramp angles of 13 o or greater the reattachment
region produces temperatures in excess of 1200 K, resulting in an ignition/radical production
source as shown in Figure 6.1b. No combustion occurs for angles below 12 o. Further increases
in the ramp angle results in more heat release due to: i) the higher mean flow temperature and
pressure delivered to the combustion chamber and ii) the increase in the shock strength and
therefore SBLIs. This results in higher temperatures and pressures within the hot pockets and
recirculation zones, and faster flame propagation speeds. The 18 o simulation shows combustion
is initiated within the recirculation zone of the separation and results in a combustion efficiency
in excess of 65% at the exit of the combustor. The 2-D 18 o engine also exhibits strong TC
effects as discussed in Section 5.7.
The 3-D engine geometry designed with these insights is given in Figure 6.2. A ramp angle
of 13 o or above results in heat release. The high- and low-contraction profiles have ramp angles
of 18 o and 8 o which give a 2-D CR of 2.37 and 4.18 respectively. A compression ramp angle
of 18 o is selected as the maximum compression angle due to the high combustion efficiency
achieved at the exit of the combustor as shown in Figure 6.1b and the TC effects it generates, as
discussed in Section 5.7. Setting the lower ramp angle to 8 o produces the critical 13 o (baseline
geometry used in the 2-D premixed chapter) ramp angle at 50% of the engine span. Therefore
we expect only 50% of the engine (in the spanwise direction) to ignite if 3-D flow phenomena
and TC influences on combustion are insignificant.
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(a) Constant temperature contours
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Figure 6.1: 2-D scramjet engines with a 12 o, 13 o, 18 o (the 13 o and 18 o are the same from the 2-D
premixed study) compression (upper boundary set to symmetry line).
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Figure 6.2: 3-D nonuniform-compression engine geometry used to investigate TC.
6.2 Mesh Sensitivity Study
Before analysing the results in detail, a mesh sensitivity study is conducted to verify that the
combustion processes are mesh independent. As shown in Figure 6.2, the high-compression
side and horizontal plane (x− z) are set as symmetry planes, while the low-compression side is
set to a side wall. The walls are set to isothermal walls with a temperature of 300K. The study
is performed using a coarse, medium and fine mesh with 2.5, 8 and 29 million cells respectively,
using a refinement factor of 1.5 in each spatial dimension between each mesh. The cell height
at the walls is set to 0.75, 0.5 and 0.33 µm while streamwise spacing at the leading edges is
set to 10, 6.66 and 4.44 µm, with a growth factor of 1.2 for the coarse, medium and fine mesh
respectively. Cells are normal to symmetry planes and walls as shown in Figure 6.3. The coarse,
fine and medium mesh give y+ values below 0.8 in all simulations.
As is described in the sections that follow, shock-induced boundary layer separations are
one of the important flow features that facilitate flame propagation along the bottom wall of the
combustion chamber. The flow within the separation recirculation zone at the first SBLI and the
reattachment of the shear layer to the bottom wall after it passes over the separation, provide
regions of locally high temperature which ignite the flow. The size of the separation is therefore
used as a temporal convergence and mesh sensitivity parameter. The size of the separation is
monitored using the shear stress in the streamwise direction.
Temporal convergence is achieved by monitoring both the normalised residuals and the de-
velopment of the separation zone during the course of the simulation. The normalised residuals
for mass momentum and energy reduced by at least 5 orders of magnitude every simulation
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Figure 6.3: 2-D 13 o coarse mesh topology.
before temporal convergence is reached. Furthermore the size of the separation zone, which
typically requires a long time to establish [84], stabilised in all simulations. These measures
ensure a high quality steady-state result is achieved for each simulation.
Mesh convergence is assessed by comparing the pressure distribution, combustion efficiency
and shear stress data from of each simulation, as shown in Figure 6.4. These data are extracted
along the bottom wall in the streamwise direction at the spanwise midpoint of the computa-
tional domain (z = 0.05m). The size of the separation between each mesh is compared using
the shear stress in the streamwise direction (x component) along the bottom wall. The com-
bustion efficiency along the bottom wall is used as another mesh sensitivity parameter for the
reacting aspect of the flow field. Heat release reactions correlate strongly with the recombina-
tion reaction to produce H2O. The wall pressure distribution shows that the shock impingement
locations and therefore the inviscid part of the solution, are resolved.
All of the meshes predict the same global separation size, as shown in Figure 6.4a. The
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Figure 6.4: Data extracted from the bottom wall of the scramjet at z = 50mm.
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minimum shear stress at the second SBLI further downstream is susceptible to changes in cell
density, however this is due to the incipient nature (to be discussed in the following section) of
the interaction. The combustion efficiency along the bottomwall is in agreement with all meshes
apart from a change within the global separation, as shown in Figure 6.4b. The surface pressure
given in Figure 6.4c shows that the shock impingement locations do not change between each
mesh, however the peak pressure values vary by 5% between the coarse and medium and 2%
between the fine and medium mesh. The differences between the fine, medium and coarse
mesh do not influence the overall flame propagation processes within the engine nor the flow
field parameters of interest, therefore further refinement is not expected to alter the solution
enough to change the conclusions of this research.
The coarse mesh is used to simulate the results in the sections that follow. This is done
to save computational resources and reduce the time for a given simulation. A fully reacting
simulation with the coarse mesh required 40,000 iterations, running with a CFL number of 5.0.
This required 10,000 CPU hours per simulation (40 hours on 256 CPUs).
6.3 Results and Discussion
Frozen and reacting results for the 3-D engine are given in Figure 6.5. The inlet delivers the
intended spanwise nonuniform flow properties to the combustor entry due to the varying 2-D
contraction ratio in the spanwise direction. This is shown in spanwise slices taken at the en-
trance to the combustor given in Figure 6.6. Figure 6.7b shows a combustion efficiency in excess
of 70% in terms of H2O production throughout the bottom wall at the outflow of the combustor,
which is anchored within the boundary layer at the first SBLI. The presence of H2O throughout
the entire width of the combustor demonstrates how 3-D flow phenomena and combustion in-
teractions enabled flow to be ignited within the low-compression side. This is significant as the
2-D simulations that are used to design the engine predicted that the flow to ignite within 50%
of the spanwise distance from the high-compression side. Significant temperature and pressure
rise from combustion within the low-compression side can be observed in Figure 6.5b. The
reason for the combustion taking place in the low-compression side is a combination of TC and
other combustion phenomena which is analysed and discussed in the results that follow.
6.3.1 Three-Dimensional Flow Features
The flow features produced within the engine are highly 3-D due to the nonuniform-compression
profile delivered to the combustion chamber entrance, as shown in Figure 6.6. The shockwaves
that form within the inlet interact with the boundary layer at the bottom wall of the combustion
chamber, causing it to separate at two locations: i) at the entrance to the combustion chamber;
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Figure 6.5: Constant temperature (cross-stream slices) and pressure (bottom wall, high-compression
side symmetry plane) contours for frozen and reacting flow in 3-D engine.
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Figure 6.6: Constant pressure coefficient contours upstream of combustor entrance (x = 0.09, x = 0.11
m).
and ii) downstream toward the exit of the domain. These separations can be visualised using the
limiting streamlines, given in Figure 6.8 for the reacting case. The definition of each separation
is given here adopted from [85]:
1. a “global” separation, defined as having a saddle point within the global separation line,
at the first SBLI
2. a “local” incipient separation at the second SBLI
The global separation spans the entire width of the combustion chamber, starting from the
symmetry plane of the high-compression side of the engine and terminating at the side wall.
Immediately downstream of the global separation is the reattachment line where the boundary
layer reattaches to the bottom wall, which generates temperatures in excess of 1600 K. Fluid
is entrained into the separation from the high-compression side and is transported through the
vortical flow to the low-compression side, where it interacts with the side wall causing it to be
“pushed” upwards from the bottom wall into the cross flow. This can be visualised in Figure
6.9 where the motion of vortical flow along the side wall is shown by the streamlines that pass
through the global separation.
In addition to the global separation, a smaller local incipient separation forms downstream
at the second SBLI and interacts with the side wall, however fluid is not pushed upwards as
observed with the global separation. Another swept SBLI on the wall of the inlet causes a
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Figure 6.7: Constant combustion effieicny contours and limiting streamlines in 3-D engine, reacting
flow.
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Figure 6.8: Limiting streamlines for reacting flow, note, flow runs from right to left, contrary to Figure
6.5.
corner vortex to form. This corner vortex does not affect the flame propagation from the high
to low compression side of the engine, as is shown in Section 6.5.
6.3.2 Shock Structure
The shock structure within the engine is given in Figure 6.10. The 3-D shock surface within
the inlet causes mass to be pushed into the x − y symmetry plane due to the skew angle (θs)
of the inlet surface. This causes curvature within the shock wave within the high-compression
side as shown in Figure 6.6. This region of high temperature and pressure expands throughout
the combustion chamber, as shown in Figure 6.5, between the first and second SBLIs.
The global separation causes a complex shock structure to form over the recirculation region
as shown in Figure 6.10. The shock structure over the global separation appears similar to that
of a 2-D shock-induced boundary layer separation, as defined in [46] and shown in Figure
6.10b. Unlike a 2-D separation, the mass entrained in the recirculating region is transported in
the spanwise (z) direction due to the 3-D nature of the flow.
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Figure 6.9: Streamlines passing under the separation: Streamlines flooded with atomic hydrogen mass
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6.3.3 Flow Feature and Combustion Coupling
Three-dimensional flow feature/combustion coupling phenomena within the flow are analysed
here. A comparison of the limiting streamlines between the frozen and reacting flow is given
in Figure 6.11 to visualise the influence of heat release on the local and global separations. The
results show that the behaviour of the separations alter with reactions enabled. The increase in
temperature reduces the Mach number and steepens the shock angles relative to the wall, thus
inducing a larger pressure gradient and therefore larger separation. The temperature increase
also reduces the Mach number through the boundary layer, allowing greater upstream commu-
nication. Assuming a constant pressure through the boundary layer, the increased temperature
also reduces the density, and hence the momentum of the incoming boundary layer, which
makes it more susceptible to separation for a given adverse pressure gradient. These effects are
more pronounced for the local separation at the second SBLI, as shown in Figure 6.11, which
has become significantly larger, moved upstream and interacted with flow at the side wall to a
greater extent. Changes between the frozen and reacting flow are shown in Figure 6.12, where
the shear stress in the streamwise (x) direction at the midspan of the combustor computational
domain has been extracted. In the reacting simulation, the shear stress at the second SBLI is
shown to decrease and its location has moved upstream by 25 mm, while the size of the global
separation has increased marginally as shown at x = 0.15m. The change in location of the
second SBLI, and therefore the shock structure relative to the frozen case, demonstrates how
flow/combustion interactions influence the flow. This is analysed in more detail in the sections
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Figure 6.10: Shock structure in 3-D engine.
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Figure 6.11: Comparison of frozen (bottom) and reacting (top) limiting streamlines
that follow.
Another important 3-D flow feature/combustion interaction is the 3-D global separation.
This acts as a flame holder by introducing a high temperature recirculation region that simultan-
eously facilitates radical production and transports them from the high to the low-compression
side, as shown in Figure 6.9. Radicals of atomic hydrogen (H) are generated within the separa-
tion due to the relatively high temperature of 1400 K, above the self ignition point of H2O/Air
mixtures [86]. The global separation also generates a hot pocket at its reattachment line which
ignites flow that passes over the recirculation region close to the bottom wall. Furthermore, rad-
icals generated within the global separation diffuse out via the shear layer and into the bound-
ary layer, which further enhances ignition immediately downstream from the global separation.
Flow containing radicals is also expelled from the global separation as it undergoes vortex
breakdown and compression within the low-compression side, which further aids ignition. This
can be visualised in Figure 6.9 where streamlines passing within the global separation are plot-
ted. The influence of these phenomena on the flame propagation to the low-compression side
are quantified in the proceeding discussions.
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6.3.4 Isolating Flame Propagation Processes
The coupling between 3-D flow features and combustion enables the supersonic flame to be rap-
idly propagated into the low-compression side of the engine. Three flame propagation processes
are identified in this engine:
1. 3-D flow features that produce regions of locally high pressure and temperature.
2. Radical transport from the high to low-compression side within the global separation,
and
3. TC from combustion within the high-compression side 1
The degree of influence of each process is analysed here by conducting further numerical sim-
ulations that seek to decouple each process. This is achieved by suppressing reactions within
particular regions of the flow domain to investigate how this influences the flow chemical kin-
etics within the low-compression side of the combustion chamber.
1The TC influence here is a different phenomena to that described by Ferri, but we use this term due to the
coupling of combustion-induced compression-waves with existing flow structures.
Results and Discussion Section 6.3 115
3a 
21a
1b
3b
z, m
x, m
H2O Combustion
Figure 6.13: Reaction suppression regions, bottom wall flooded with H2O
For this purpose three regions have been defined within the combustion chamber as shown
in Figure 6.13. Region 1 is used to suppress radical production within the global separation at
the high-compression side of the engine. Region 2 is used to suppress reactions in the post-
reattachment high-compression side. Region 3 is used to suppress radical production from
3-D flow features within the low-compression side of the combustor up to the second SBLI.
Combining multiple reaction suppression regions allows the effects of 3D flow features, radical
transport and TC to be decoupled and their effects to be studied in isolation from one another.
The results of these studies are discussed in detail in the sections that follow and are given
in Figures 6.15, 6.16 and 6.17. Figure 6.15 shows the flame propagation within the boundary
layer, while Figures 6.16 and 6.17, which give the constant combustion efficiency and pressure
contours, show the extent to which the combustion flame has diffused into the core flow from
the bottom wall and how 3-D combustion phenomena have influenced the pressure in the low-
compression side. The distinctive “plume” of H2O within the low-compression at the exit of
the combustor is the result of streamlines that pass through the global separation and interact
with the side wall, which can be seen in Figure 6.9. The pressure contours at the exit plane of
the combustor contain a high pressure region in the low-compression side, which results from
the interaction of the flow after the local SBLI and the side wall.
Three-Dimensional flow features
We now probe the physics in the low-compression side of the engine to determine how the flow
is ignited. To investigate this we isolate each phenomenon in turn. We begin with isolating how
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the 3-D flow features that are generated by the nonuniform inflow ignite the flow. To isolate
this we remove the influence of combustion within the high compression side by suppressing
reactions in regions 1 and 2. The pressure and combustion within the boundary layer and exit
of the combustor are given in Figure 6.15a, 6.16a and 6.17b. The simulations show there is
no generation of radicals within the global separation nor production of H2O within the post
reattachment high-compression side of the scramjet (i.e. reactions are switched off in these
regions and no transport of radicals into them occurs). The 2-D analysis performed to design
the engine predicted no reactions to take place within the low-compression side (the region
where reactions have not been artificially suppressed), yet clearly reactions do take place in this
region demonstrating that 3-D flow features from the inlet spanwise gradients play a role in
igniting flow within the low-compression side. This is due to the size of the global separation
in this region of the combustor which results in higher temperatures at the reattachment region
in comparison to the 2-D studies. A comparison of the 2-D 12 o simulation and a slice extracted
from the 3-D engine in the low-compression side with the equivalent of a 2-D 12 o (z = 0.06m)
profile is given in Figure 6.14. This figure shows that the separation in the 3-D engine is larger
and contains higher temperatures.
The interaction of the global separation and side wall also generates a locally high tem-
perature region where the flow is ignited. The radicals generated by the global separation’s
reattachment line facilitate further combustion at the second SBLI, demonstrating that the 3-D
flow structures alone enable the flow to be ignited within the low-compression side. The second
SBLI within the low-compression side is also significantly stronger compared to the 2-D geo-
metries with compression angles less than 13 o, due to the expansion of flow from the high
pressure region into the low pressure region, as shown in the exit profile of the flow given in
Figure 6.17a and on the surface pressure contours in Figure 6.5.
Radical Transport
To isolate the influence of radical transport, from the high to low-compression side reactions
are suppressed in region 2 only. Noting that this case includes the influence of 3-D flow fea-
tures within the low-compression side of the combustion chamber, and therefore the difference
between the radical transport and 3-D flow features cases represents the absolute influence of
radicals being transported through the global separation. Results are given in Figures 6.15b,
6.16b, 6.17c where the influence of TC has been removed by suppressing reactions within the
post reattachment to the exit of the combustor within the high-compression side. The influence
of the reaction suppression is clearly visible from the sudden drop in H2O within the boundary
layer due to reactions being suppressed and the diffusion of reaction products out of the bound-
ary layer. Comparison of Figure 6.15a to 6.15b shows that if radicals are allowed to form and
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Figure 6.14: A comparison of the 2-D 12 o compression engine and a streamwise slice taken from the
3-D engine at z = 0.06 (equivalent of 12 o compression) to show the effect of the global separation
on igniting the flow (simulation are with frozen flow). The streamline shows the separation in the 3-D
engine is larger and contains higher temperatures which allows the flow to be more readily ignited.
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be transported within the global separation, they increase the amount of H2O within the bound-
ary layer of the low-compression side. This is also reflected in the increase of H2O within the
combustion efficiency contours at the exit plane of the combustor, shown in Figure 6.16b. There
is also a significant increase in the pressure within the low-compression side at the exit of the
combustor, as shown in Figure 6.17c.
Thermal Compression
The influence of TC is isolated by suppressing reactions in region 1a and 3a. This disables rad-
ical transport through the global separation and 3-D flow influences generated by the global sep-
aration within the low-compression side and thus restricts combustion on the low-compression
to combustion induced by compression waves from the high-compression ignition. The result
is given in Figure 6.15c, 6.16c, 6.17d where combustion is observed to be enhanced within
the low-compression side relative to the 3-D flow feature case as shown in the Figure 6.16d,
between the first and second SBLIs, and significantly more after the second SBLI. This shows
that TC does influence the chemical kinetics within the low-compression side after the first
SBLI, and that there is coupling between the heat release and shock structure at the second
SBLI where the flow is ignited without radicals being produced upstream. The influence of
flame propagation due to the coupling between TC generated within the high-compression side
and the shock wave at the second SBLI is investigated further in the following section.
Thermal Compression at Second SBLI
The influence of TC at the second SBLI on flame propagation is isolated by suppressing re-
actions in region 1a and 3. This disables radical transport through the global separation to
the low-compression side, and 3-D flow feature influences in the low-compression side of the
scramjet up to the second SBLI. Results are given in Figure 6.15d, 6.16d and 6.17e where the
flame is observed to propagate into the low-compression side at the second SBLI. This study
provides evidence that TC produced at the second SBLI enables the flame to be rapidly propag-
ated into the low-compression side of the combustor. To further support this claim, inhibiting
reactions in regions 1, 2 and 3 results in no pressure rise or significant radical production within
the low-compression side after the second SBLI, as shown in Figure 6.15f.
6.3.5 Comparison of Flame Propagation Processes
Surface and stream thrust average pressure and combustion efficiency are used to quantitatively
compare the “effectiveness” of each source of flame propagation in igniting flow within the low-
compression side. Stream thrust average values represent the mean flow properties within a 2-D
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Figure 6.15: 3-D nonuniform-compression engine simulations to isolate flame propagation processes.
Bottom wall flooded with contours of constant combustion efficiency, contours lines of constant pres-
sure for each simulation. Grey dotted lines show the reaction suppression regions.
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Figure 6.16: Constant combustion efficiency contours at the combustor exit for each simulation.
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Figure 6.17: Constant pressure [kPa] contours of combustor exit for each simulation.
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slice of the flow field, while averaged surface values reflect properties within the boundary layer.
Data extracted along the length of the combustor in the low-compression side of the scramjet
is given in Figure 6.18 and 6.19. As the 3-D flow features are included in the radical transport
simulation the difference of the two curves represents the influence of radicals being transported
within the global separation. The same is true for the difference in the radical transport and fully
reacting flow, which represents the influence of TC generated within the high-compression side.
When analysing the pressure data, it is important to realise that a pressure rise can be gener-
ated via two processes; from local combustion and TC. The STA data shows that all sources of
flame propagation have a significant influence on the pressure rise within the low-compression
side. Noting that the radical transport data also includes the 3-D flow feature influence, it is
clear that the influence of radical transport being transported into the low-compression side
results in a higher pressure rise downstream of the first SBLI, as shown in Figure 6.18a and
6.19a. Although reactions do take place within the global separation, there is no significant
pressure rise or influence on the separation size. Noting that the difference between the radical
transport and fully reacting flow data may also be used to represent the influence of TC within
the low-compression side, the TC influence is relatively small until the second SBLI. This is in
agreement with the following section on TC at the second SBLI.
In terms of combustion efficiency, it is found that all three sources of flame propagation have
a significant influence in igniting the flow within the low-compression side, as shown in Figure
6.18b and 6.19b. The 3-D flow feature result (Figure 6.16a) shows how the flow is ignited
within the boundary layer at the first SBLI. Enabling radicals to be generated and transported
within the global separation further enhances the production of H2O (Figure 6.16b). TC then
further increases the amount of H2O (Figure 6.16e).
In summary it can be concluded that all three flame propagation processes (3-D flow fea-
tures, radical transport and TC) have a significant influence in igniting the flow within the low-
compression side. Three-dimensional flow features at the first SBLI provide ignition sources
that couple with radicals generated in the global separation, resulting in the flow being rapidly
ignited from within the boundary layer. Thermal compression is found to be strongly influ-
ential after the second SBLI due to coupling between combustion-induced compression-waves
generated within the high-compression side and the shock structure which further enhances
combustion.
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Figure 6.18: Stream thrust averaged pressure and combustion efficiency over the low-compression half
of the scramjet for frozen, 3-D flow features, radical transport, TC, thermal/local coupling and fully
reacting flow.
124 Chapter 6 Three-Dimensional Premixed Study
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
0 0.05 0.1 0.15 0.2 0.25 0.3
c p
x, m
Frozen Flow3D Flow FeaturesRadical TransportTCTC/LocalFully Reacting Flow
(a) Pressure coefficient
Influence of radicals
Influence of TC
Influence of 3-D flow features
H 2O
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0 0.05 0.1 0.15 0.2 0.25 0.3
3-D Flow FeaturesRadical Transport
TCTC/LocalFully Reacting Flow
x, m
(b) Combustion efficiency
Figure 6.19: Averaged wall pressure and combustion efficiency within the low-compression half of the
scramjet for frozen, 3-D flow features, radical transport, TC, thermal/local coupling and fully reacting
flow.
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6.4 Turbulence Model Sensitivity Study
The combustion processes identified in this study are dependent on the characteristics of the
shock-induced boundary layer separations, which are sensitive to the turbulence model (SST)
[84, 87, 88] and the isothermal wall temperature boundary condition [56] (300 K). Changing
the turbulence model or the temperature of the isothermal boundary condition could therefore
influence the flame propagation processes. For example, the flame propagation processes may
be enhanced if the global separation were to become larger (increasing flow residence time
in the separation) or the temperatures within the separation and reattachment zone increased.
Conversely, the processes may be impaired if the global separation were to become smaller or
the temperature within the separation or reattachment zone decreased. It is also important to
consider changes to the turbulent mass transport (diffusion) of flow from the global separation
into the cross-flow which is governed by the eddy viscosity (turbulence model) and turbulent
Schmidt number (0.7). If the diffusion of mass from the separation is too high, radicals that
form may be diffused out of the recirculation before adequate concentrations are formed for
ignition. The effect of the latter is not investigated here.
A turbulence model sensitivity study is performed here using additional simulations with
the single equation SA [59] and three-equation Goldberg k − ǫ − Rt [83] turbulence models.
Figure 6.20 shows a comparison of the SST and SA H2O contours and limiting streamlines
on the bottom wall of the combustor with the SST and SA solution. The comparison of the
SST and three-equation k − ǫ − Rt simulation is given in Figure 6.20b. The SA simulation,
Figure 6.20a, shows lower levels of H2O generated at the low-compression side of the global
separation. The k− ǫ−Rt simulation shows more H2O produced within the global separation.
Despite the sensitivity of the SBLI characteristics to the different turbulence models investigated
here, the overall physical processes that facilitate combustion appear to be independent of the
three turbulence models considered. The results and conclusions are therefore independent of
the turbulence models considered here.
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Figure 6.20: Results from 3-D turbulence model sensitivity study. Each simulation shows the same com-
bustion behaviour, and therefore the combustion processes in the 3-D engine appear to be independent
of the turbulence models considered here.
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6.5 Influence of Spanwise Flow Gradients on Combustion
Processes
Here we investigate how a changes to the spanwise flow gradients delivered to the combustor
influence the combustion processes. This is achieved by changing the inlet geometry. There
are three inlet geometry parameters that that govern the spanwise gradients. The first two are
the compression ramp angles θl, θh. The third is the inlet width, WI (refer to Figure 6.2). Al-
tering any of these geometric parameters, while holding the others constant alters the spanwise
gradients.
In this study we reduce the inlet width from 0.1 to 0.05 m and hold the 2-D compression
ramp profiles constant (8 o and 18 o). Each 2-D side profile of the 3-D engine delivers a certain
set of mean inflow properties, i.e. Mach number, temperature, pressure. The high-compression
side properties are referred to as Ph (18 o) and low-compression side to Pl (8 o). Using this
convention we can define the spanwise nonuniformity as a flow distortion factor:
Nonuniformity ∝
(Ph − Pl)
W
(6.1)
where,WI is the inlet width. Therefore decreasingWI , and maintaining the same compression
ramps (8 o and 18 o), must increase the spanwise flow nonuniformity. Another factor that must
be considered is the characteristic length for information to travel from one side of the combus-
tor to the other. This is illustrated in Figure 6.21. A decrease in the combustor width decreases
the flow length required for information to travel from one side of the engine to the other. As is
discussed in the next paragraphs, this feature affects the combustion processes. Note, because
we preserve the 2-D profiles in each configuration, both engines have the approximately the
same inlet compression and contraction ratio.
The combustor is extended from 0.3m (as in the previous section) to 0.45m. A longer
combustor enables combustion to proceed to higher levels and allows us to study the flow/com-
bustion coupling behaviour after the second SBLI. The combustion efficiency throughout the
engines is shown in the spanwise slices in Figure 6.22. The bottom wall and symmetry planes
are flooded with constant pressure coefficient. The constant pressure coefficient data along the
bottom walls for the frozen and reacting simulations for 3-D engines are given in Figure 6.23.
In these results the side wall is modelled as an inviscid slip wall to decouple the influence of the
side wall on combustion and drag in the engine.
The pressure contours along the bottom wall of the low-spanwise gradient (baseline) con-
figuration for the frozen and reacting flows are given in Figure 6.23a. The pressure data show
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Figure 6.21: Spanwise communication characteristics lines. Light grey regions show the domain of
influence from a disturbance in the lower part of the combustor. Note that the pressure waves generated
by the disturbance weakens as it propagates through the flow.
there is a spanwise flow reflection at the side wall at x = 0.3m. This was not discussed in-detail
previously in Section 6.3.3 as the length of the engine was only simulated to (Lc = 0.3m). The
spanwise reflection is caused by flow that has expanded from the high-compression side toward
the low-compression side, which is then reflected off the side wall. This spanwise reflection
traverses from the low-compression side into the high-compression side. The spanwise reflec-
tion is stronger in the reacting simulation due to combustion/spanwise flow gradients coupling
effects.
The pressure contours along the bottom wall of the high-spanwise gradient configuration
for the frozen and reacting flows are given in Figure 6.23b. The pressure data show that there
are two spanwise flow reflections. One at the side wall at x = 0.23m, and a second at the
centreline at x = 0.33m. The increase in the number of spanwise reflections is because the
pressure waves require less streamwise distance to traverse the engine (see Figure 6.21). As
in the low-spanwise (baseline) simulation, the combustion couples with the 3-D flow gradients
and causes the spanwise reflections to become stronger.
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Lower temperatures
Low-spanwise gradient engine
High-spanwise gradient engine
Low-compression side / votical flow interaction
Figure 6.24: Frozen flow constant temperature contours on a cross-stream slice taken at x = 0.16m
in the high- and low-spanwise gradient engines. The maximum temperature produced in the high-
compression side is approximately 100K higher in the low-spanwise engine. The temperature at the
side wall boundary layer interaction is stronger in the high-spanwise engine which ignites the flow in
the low-compression side. Black line shows isoline forM = 1.
The change in the spanwise flow behaviour affects the combustion behaviour. The com-
bustion efficiency and limiting streamlines in the boundary layer are given in Figure 6.25. As
discussed in Section 6.3.3, the flow in the low-spanwise gradient geometry is ignited at the first
SBLI, and combustion proceeds rapidly in the high-compression side, and slowly in the low-
compression side until the second SBLI (see Section 6.3.4 for details). In the high-spanwise
gradient geometry (Figure 6.22b), the flow is ignited along the bottom wall at the first shock
SBLI, however, rapid combustion is not achieved within the centre of the combustor (as inten-
ded by the inlet design). Instead, the flow is rapidly ignited in the low-compression side of the
engine at the first SBLI. The separation in the high-compression side is smaller compared to the
low-spanwise gradient engine. The smaller separation generates lower temperatures within the
recirculation zone and at the boundary layer reattachment zone, as shown in Figure 6.24. The
lower temperature results in a longer ignition distance within the high-compression side. Rapid
ignition that occurs in the low-compression side is facilitated by the interaction of vortical flow
in the separation with low-compression side of the engine. In this region temperatures of ap-
proximately 1800 K are generated. The heat release from this side of the engine is found to
couple with the spanwise shock waves between the first and the second SBLI, as described in
Section 6.3.4 but from the low to high-compression side. Combustion in the high-compression
side is intensified after it passes through the spanwise reflection, as shown in Figure 6.22b.
Owing to the increase in the number of spanwise reflections, the combustion in the high-
spanwise gradient geometry is considered more complex compared to the low-spanwise gradi-
ent geometry. The shock-induced boundary-layer separation at the entrance of the combustor
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is also larger in the low-compression side. Radicals form in the separation bubble and diffuse
out into the reattachment region. These radicals and the high temperatures generated around
the re-attachment region facilitate ignition. Although the ignition behaviour changes signific-
antly compared to the low-spanwise gradient engine (ignites in the low-compression side, more
spanwise flow reflections), the same local TC/spanwise coupling is observed.
This section has highlighted how the degree of spanwise nonuniformity can affect the com-
bustion processes. The increased spanwise distortion and flow reflections suggests that the
control of the combustion and heat release may be more difficult in a practical engine. The im-
pact of the 3-D combustion process on the scramjet performance is investigated in the section
that follows.
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6.6 Comparison of Engines
In this section we compare the performance of the 3-D engines to the 2-D engines to evaluate
whether there are any practical benefits from nonuniform compression. All the engines com-
pared in this section have approximately the same inlet contraction and compression ratio. The
STA pressure rise and combustion efficiency of the 3-D and 2-D engines are given in Figure
6.26 and 6.27. The pressure rise from combustion at the exit of the combustor in the 3-D en-
gine is higher than the 2-D engine. The combustion efficiency is 48%, 45%, 27%, and 22%
for the 3-D high and low-spanwise gradient and 2-D engines respectively (Figure 6.26). The
pressure coefficient delivered to the combustor is 0.02 higher in the 3-D engine, owing to the
less efficient compression process in the 3-D inlet. The 2-D 14 o compression engine, which has
approximately the same PR as the 3-D engines, is included in the comparison. This is included
to show that the additional compression in the 3-D engine is not the cause for the increased
combustion efficiency relative to the 2-D 13 o compression engine. Noting that the pressure rise
from combustion is the difference between the frozen and reacting flow, the pressure rise from
combustion in the 3-D engines is the same, even though the combustion efficiency is 3% higher
in the high-spanwise geometry. The rate of pressure rise in the 3-D engine is higher in the
low-spanwise engine from 0.15m < x < 0.25m, however the high-spanwise engine produces
more pressure rise after x = 0.25m. This is because the spanwise reflection shock wave that
traverse from the low to high-compression side ignites the flow that passes through it close to
the bottom wall.
Figure 6.28 shows the uninstalled Isp breakdown throughout the engine 0 > x > 0.45m
calculated using Equation 5.2 where the outflow is taken from CFD. These data illustrate the
drag losses in the inlet and combustor in each engine. The uninstalled Isp potential of the en-
gines is also given in the upper part of Figure 6.28 and assumes an isentropic expansion of the
flow using an engine ratio of 2.5 throughout the combustor 0.1226 > x > 0.45m (see discus-
sion in section 5.4). We use the uninstalled Isp potential as a measure of engine performance.
The 3-D baseline engine produces the highest uninstalled Isp potential, followed by the 3-D
high-spanwise geometry and followed by the 2-D engines. The combustion efficiency in the
high-spanwise gradient engine is higher (3%), however the Isp potential is lower (20 s). This
suggests that the losses within the combustor are higher in the highly distorted flow, which is in
agreement with Figure 6.28, where the 3-D high-spanwise geometry generates higher losses (90
s). These losses may be due to the combined effect of heat addition processes (Rayleigh losses)
and total pressure losses from the 3-D shock structure. The Rayleigh losses are associated with
the local Mach number of heat release (see Equation 2.5). In the high-spanwise gradient engine,
ignition is achieved in the low-compression side, where the Mach number is higher. Therefore
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Figure 6.26: Combustion efficiency for various scramjet geometries, constant CR.
we expect the Rayleigh losses to be higher. Note that the drop in performance with increasing
spanwise nonuniformity suggests that there is an optimium amount of nonuniformity for this
free stream condition and inlet design. An investigation into the optimum amount of spanwise
nonuniformity should be the subject of future work.
6.7 Chapter Summary
In this chapter, we have isolated the combustion processes in a 3-D nonuniform-compression
scramjet, where autoignition was only expected within the high-compression side of the com-
bustor. The influence of fuel injection on combustion characteristics was omitted from the study
by using a premixed inflow of H2 and Air. It was found that 3-D flow phenomena and com-
bustion interactions enabled the flame to be propagated into the low-compression side. The
combustion processes that facilitated this are identified as:
1. 3-D fluid dynamic flow features, emanating from the high-compression side which signi-
ficantly enhanced combustion within the low-compression side by providing regions of
locally high temperature within the boundary layer,
2. Radical transport through the global separation which enhanced combustion in the low-
compression side.
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Figure 6.27: STA pressure for frozen and reacting flow in various scramjet geometries with the same
constant CR.
-1200
-1000
-800
-600
-400
-200
0
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
3-D Baseline2-D 13o3-D High Spanwise2-D 14o
x, m
I sp,
 s
Potential uninstalled Isp
Uninstalled Isp
Combustor entrance
Figure 6.28: Isp (0 < x < 0.45m) breakdown, and potential (0.1226 < x < 0.45m) for the 2-D and
3-D engines.
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3. Thermal Compression from combustion within the high-compression side
The investigation found that all three processes had a significant influence on flame propaga-
tion into the low-compression side. The ignition sources generated from 3-D flow features en-
abled the flow to be ignited from within the boundary layer of the low-compression side, which
is further enhanced by the radical transport within the global separation. Thermal compression
then further intensifies combustion in the low-compression side, especially at the second SBLI
due to coupling of combustion-induced compression waves and the shock structure.
The influence of the spanwise gradients on the combustion was investigated by simulating
the 3-D geometry with a smaller engine width. The combustion behaviour is found to change
significantly. The flow is more readily ignited in the low-compression side relative to the high-
compression side. The coupling of the spanwise flow structure and combustion is found to
persist. The number of spanwise reflections increases compared to the baseline geometry. Al-
though the high-spanwise gradient geometry generates a higher combustion efficiency, the over-
all Isp potential is lower. The loss of performance of the high-spanwise engine compared to the
low-spanwise engine is likely due to the less efficient heat addition process, and the additional
viscous drag from the increased 3-D spanwise nonuniformity. The study suggests that there is
likely to be an optimum amount of spanwise nonuniformity required to maximise thrust for a
given flight condition.
The performance of the 3-D engines is consistently higher than the 2-D engine of the same
CR and PR. This is primarily due to the higher combustion efficiency of the 3-D engine, owing
to the 3-D flow effects. The closely coupled fluid dynamic and combustion processes identi-
fied in this investigation offer insight into how nonuniform-compression may be exploited to
provide superior scramjet performance over a range of flight Mach numbers. The question to
be answered now is: do the same phenomena and trends occur when a realistic fuel injection is
simulated rather than a premixed inflow to the inlet?
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Chapter 7
Three-Dimensional Inlet-Fuelled Study
In the preceding chapters, we investigated the combustion processes of premixed 2-D and 3-
D nonuniform-compression scramjets. In the latter, we showed that TC from combustion in
the high-compression side enabled the flow in the low-compression side to be ignited. We
also showed that the flame propagated into the low-compression side from a 3-D shock-induced
boundary-layer separation, which provided localised regions of high temperature within its reat-
tachment line that ignited the flow. The separation also simultaneously generated radicals and
transported them from the high to low-compression side of the engine. The radicals were shown
to intensify combustion within the low-compression side of the engine. The premixed combus-
tion processes isolated in the previous chapters are, however, are not dependent on any particular
fuel injection method. In line with the logical and rigorous approach used in the construction
of this thesis, in this chapter we investigate how the combustion in the nonuniform compres-
sion engine is affected by the added complexity of a fuel injection method. The purpose of the
chapter is to:
1. Evaluate whether the TC effect persists with the added complexity introduced from the
3-D flow structures that arise from fuel injection.
2. Evaluate whether the other combustion processes identified in the premixed study per-
sist, or to what extent are they eroded or enhanced, with the added complexity of a fuel
injection method.
3. Determine whether there are performance benefits (or otherwise) from using a nonuniform-
compression compared to a uniform-compression engine of the same inlet compression
and contraction ratio.
This chapter begins with the design of the porthole inlet injection method. The nonuniform
mass capture across the 3-D inlet requires a tailored fuel injection scheme to ensure the fuel is
140 Chapter 7 Three-Dimensional Inlet-Fuelled Study
uniformly distributed across the combustor. The design of the 3-D engine is followed by a mesh
sensitivity study that shows the mesh sufficiently resolves the critical combustion processes.
The combustion in the 3-D engine is then analysed in detail to characterise the combustion
processes and determine the role played by TC. The uninstalled Isp potential of the 3-D engine
is compared to a nominally 2-D uniform-compression engine of an equivalent compression and
CR to evaluate if, and how the 3-D combustion process improves engine performance. In this
comparison, the nonuniform-compression engine represents a TC-like scramjet, whereas the
uniform compression engine represents a traditional scramjet engine.
The combustion processes are isolated within the flow field by artificially suppressing re-
actions in local regions in the combustor following the method used in the premixed work
(Chapter 6). A second method to investigate the coupling behaviour of the spanwise flow gradi-
ents and combustion involves injecting combinations of hydrogen and inert hydrogen (nonre-
acting) within the high- and low- compression side of the engine. The latter method enables us
to isolate how the combustion of fuel injected into the low-compression side proceeds without
the influence of combustion from fuel injected in the high-compression side, or vice versa. The
latter method may also be replicated in future experimental studies which will be conducted as
a follow-on experimental investigation which is beyond the scope of this numerical study. As
will be shown in Section 7.5, the ignition processes within the inlet fuelled 3-D engine are more
complex compared to those identified in the premixed Chapter 6, owing to the additional shock
structures and mixing processes from fuel injection.
7.1 Engine Design
The 3-D nonuniform-compression engine geometry and dimensions are given in Figure 7.1 and
Table 7.1. The inlet geometry is identical to the geometry used in the premixed study detailed in
Chapter 6. The inlet contains 16 evenly spaced injectors along the bottom and top walls at 30%
of the inlet length downstream of the leading edge. The nominally 2-D uniform-compression
engine used to compare the performance of the 3-D nonuniform-compression model has a ramp
angle of 13 o and a CR of 3.27. The CRs of both the 3-D and 2-D inlets are approximately
the same (the 3-D engine has a CR 0.6 % higher) and, the mean compression ratios are also
approximately the same.
The injectors are tailored to deliver an equivalence ratio of 1 across the engine. This is
to replicate the premixed simulations in Chapter 6 as closely as possible using an injection
scheme. The plenum pressure and temperature are set to 1 MPa and 300 K for all injectors.
Alternatively each injector diameter can be held constant, and the plenum pressure increased to
increase fuel mass flow rate. This, however, in practice would require an individual plenum for
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Figure 7.1: 3-D nonuniform-compression engine configuration with inlet injectors.
Table 7.1: 3-D inlet dimensions.
θl 8.0 deg WI 100mm Hc 12.5mm
θh 18.0 deg LI 122mm Hh 53mm
θs 12.7 deg Lc 328mm Hl 30mm
xj 37mm zj1 12.5mm zj2 37.5mm
zj3 62.5mm zj4 87.5mm
dj dj1 2.21mm dj2 2.08mm
dj3 1.95mm dj4 1.78mm
each injector. This research is conducted with future follow-on experimental investigations in
mind. To reduce future experimental complexity the plenum pressure is held constant, which
allows one plenum to be used for all injectors and therefore simplifies the mechanical design.
The fuel mass flow rate at each injector is tailored to the surround capture area (see Figure 7.2)
by varying the injector diameter. This is shown schematically in Figure 7.2 for the 3-D engine.
The injectors of the 3-D engine, starting from the high to low-compression side, have areas of
3.83, 3.40, 2.98, 2.51 mm2 respectively. The 2-D engine injectors have an area of 3.14 mm2
evenly spaced across the inlet. The injectors are aligned perpendicular to the local surface of the
inlet. Optimisation of the arrangement to achieve better mixing and lower total pressure losses
is not pursued in this study, as we are aiming to develop and use a configuration that is suitable
for extending the science developed from the premixed case.
As part of the process of developing this configuration, the penetration height of fuel into
a supersonic stream for each injector in the 3-D engine is checked using the correlation of
Povinelli and Povinelli [89] given in Equation 7.1. This correlation neglects the effects of
the boundary-layer thickness on penetration, which is assumed to be approximately the same
across the inlet. The penetration height, y, at some downstream location, x, is calculated based
on the injector diameter, di, and the ratio of the total pressure of the fuel pt,j and the “effective
back pressure” peb, defined as two thirds of the total pressure behind a normal shock in the
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Figure 7.2: Capture area used in injector sizing, flow into page.
flow upstream of the injector, Mj corresponds to the exit jet Mach number, which is 1 for
choked flow. These parameters are shown schematically in Figure 7.3. The properties upstream
from each injector are not constant, due to the varying ramp angle in the spanwise direction
of the inlet, and therefore the peb must be calculated for each injector based on the local flow
properties.1 The 3-D engine calculations are given in Table 7.2. The predicted fuel penetration
height for each injector is within 3%, which highlights that the injector sizing methodology
used here is suitable for this class of inlet geometry. As is shown in the sections that follow, this
fuelling arrangement delivers approximately the same mixing efficiency, fuel penetration and
distribution for both the 3-D and 2-D engines to the combustor entrance.
y
dj
= 1.12
(
pt,j
peb
)0.483
(Mj)
0.149
(
x
dj
+ 0.5
)0.281
(7.1)
7.2 Boundary Conditions
The free stream inflow conditions given in Table 7.4 correspond to a Mach 10 flight condition
at an altitude of 30 km, with a free stream dynamic pressure of 100 kPa. To maintain a free
stream dynamic pressure of 100 kPa, the inflow pressure is adjusted from 2000 Pa used in the
premixed study to 1450 Pa to account for the change in compressibility caused by the absence
of H2 in the freestream. Turbulence is simulated using the SST turbulence model. The turbulent
and combustion settings used for the work presented in this chapter are summarised in Table
1These values are taken from the fuel-off CFD solution presented in the sections that follow.
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Figure 7.3: Schematic of the cross-Section of an injector within the inlet to highlight the critical fuel
penetration parameters used in Equation 7.1.
Table 7.2: Fuel penetration calculations for each injector within the 3-D engine using the Povinelli
correlation [89].
Property Injector 1 Injector 2 Injector 3 Injector 4
θ [deg] 16.75 14.25 11.25 9.25
pt,j [kPa] 1000 1000 1000 1000
p local [kPa] 23 18 13 10
M local [−] 5 5.5 6.0 6.7
peb [kPa] 500 473 430 369
xj [mm] 90 89 88 87
dj [mm] 2.20 2.10 1.94 1.78
yt [mm] 10.22 10.0 9.76 9.77
yt/hc [-] 0.81 0.79 0.78 0.78
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Table 7.3: Turbulence and combustion control options selected in CFD++.
Setting Value
Turbulent Schmidt number ScT 0.7
Laminar/Turbulent Prandlt number ratio (Pr/PrT ) 0.8
Freestream turbulence level 0.02
Freestream Turbulent/Laminar viscosity ratio 2.0
k (free stream) 5.4e3m2/s2
ω (free stream) 4.129e6s−1
k (injector) 8.64e2m2/s2
ω (injector) 3.873e7s−1
Turbulence underelaxation parameter 1.0
Minimum level of turbulence quantities 1.0e-12
Maximum ratio of turbulent to laminar viscosity 1.0e10
Metacomp compressibility correction on
Compresibility correction flow type Wall-bounded
Include baroclinic effect on Production no
Combustion option cfl-independent
7.3. The free stream turbulence is set to 2 % with a laminar to turbulent viscosity ratio of 2. The
same is assumed for the injector inflow.
The outflow is set to supersonic outflow. The short test times, in impulse facilities, are
insufficient to cause a significant rise in wall temperature. Therefore, as in the premixed chapter,
the walls are modelled as non-slip isothermal walls at 300 K. The injector boundary conditions
are set to an inflow of H2 with a stagnation pressure and temperature of 1 MPa and 300 K.
7.3 Mesh Sensitivity Study
As in Chapter 6, a mesh sensitivity study is performed to ensure the combustion processes
investigated in the sections that follow are mesh independent. The study is conducted on the
nominally 2-D uniform-compression engine with a compression ramp angle of 13 o. Three
meshes, a coarse, medium and fine, are used with a refinement factor of 1.5 in each spatial
dimension. The mesh topology is given in Figure 7.4 and is generated using GRIDPRO [90].
Cells are clustered to the wall with a near-wall cell height of 0.75, 0.5, 0.33 µm with a growth
factor of 1.2 for the coarse, medium and fine mesh. The coarse, medium and fine meshes contain
1 million, 3.4 million and 11.4 million cells respectively. Note the nominally 2-D coarse has
1 million cells because we only model one eighth of the scramjet as we take advantage of the
symmetry planes. In the nonuniform-compression engine results presented in the sections that
follow, we use approximately 8 million cells which is significantly higher than the number of
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Table 7.4: Free stream conditions.
Parameter Value
M∞ 10
U∞ 3000 [m/s]
p∞ 1450 [Pa]
T∞ 227 [K]
φ 0.99 [-]
Tt 4767 [K]
pt 61 [MPa]
ht 4.5 [MJ/kg]
cO2 0.23 [-]
cN2 0.77 [-]
cells used in the premixed simulations. The additional cells are required to properly resolve the
3-D flow structures that arise from fuel injection and the extended combustor length to 0.45m.
The y+ values are below 0.8 over all wall surfaces. Cells are clustered around the injectors as
shown in Figure 7.4b to ensure that the supersonic jet interaction flow structures are resolved.
In the coarse mesh, the first cell spacing is 1/30th the injector diameter. The cell density
transitions to a coarser topology three injector diameters downstream. The streamwise cell
spacing at x = 0.05m is 0.4mm. This cell spacing continues to x = 0.06m (12 diameters
downstream of the injector). After this streamwise location the cell density gradually increases
to 1.2mm until the exit of the combustor. The injector is made to be 90 o to the local inlet
surface (there is no rounding lip). The inflow boundary of the injector (from the plenum) is
modelled approximately 2 injector diameters (4mm) from the wall.
As in the premixed work, both temporal and mesh convergence is addressed here. Each
simulation was considered to have reached temporal convergence after the mass, momentum,
and energy residuals reduced by 5 orders of magnitude. As to be discussed in the sections that
follow, a shock-induced boundary-layer separation at the entrance of the combustor plays an
important role in igniting the flow. The size of the separation was therefore used as a metric for
determining temporal convergence. In all simulations sufficient iterations were run so that the
size of the separation stabilised.
Mesh convergence is assessed by comparing the temporally converged numerical solutions
for the coarse, medium and fine meshes. Pressure data are extracted from the bottom wall
at the mid-span of the computational domain in Figure 7.5. The pressure data show that the
locations of the SBLIs do not vary significantly between each mesh in both the frozen and
reacting simulations. There are differences in the peak pressure values between the meshes at
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Figure 7.4: Coarse mesh topology of nominally 2-D engine.
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the SBLIs. The coarse and medium mesh consistently under resolve the peak pressure value by
approximately 5 % and 2.5 % respectively, relative to the fine mesh. Furthermore, the locations
of the SBLIs are displaced toward the exit of the combustor compared to the fine mesh. The
pressure data show that the flow is asymptoting to a mesh independent solution, with further
mesh refinement unnecessary to resolve the important flow physics. This indicates that heat
release rates are not changing with mesh refinement.
Mixing processes within the inlet are also compared in the constant H2 contour profiles at
the entrance of the combustor in Figure 7.6. The mixing efficiency is calculated using Equation
7.2 adopted from [91]. The mixing efficiency at the entrance of the combustor is 26%, 24%,
23% for the coarse, medium and fine respectively. The reduced resolution of the fuel plume
transport through the inlet within the coarse and medium simulation results in a higher mixing
efficiency compared with the fine grid.
ηM =
m˙fuel,mixed
m˙fuel,total
=
∫
Aα=0
αRρudA∫
Aα=0
αρudA
(7.2)
α =
mass of fuel
mass of fuel + mass of air
=
f
f + 1
=
φfs
φfs + 1
(7.3)
αR =

α, if α ≤ αsαs(1− α)/(1− αs) if α > αs (7.4)
The constant atomic H mass fraction and combustion efficiency contours at the entrance
and exit of the combustor are given in Figure 7.7 and 7.8 respectively. All meshes show atomic
H at the entrance of the combustor. This indicates that the reactions take place upstream of
the combustor. The atomic H plume given in Figure 7.7 becomes more condensed with mesh
refinement. The characteristics of the first SBLI (immediately downstream from the combustor)
is compared between each mesh in Figure 7.9. The bottom wall has been flooded with atomic
H mass fraction contours and limiting streamlines plotted on the surface using the limiting
streamlines, which show the size of the recirculation bubble. All simulations show a maximum
H mass fraction of 0.0065 and the same separation length. This shows that the ignition process
within the first SBLI is consistently captured in each mesh.
The mesh sensitivity study shows that the pressure rise and combustion processes do not
change with mesh refinement. The coarse mesh therefore sufficiently resolves the flow struc-
tures and combustion processes necessary for this work. The solutions presented in the sections
that follow use the same mesh topology and cell density as the coarse mesh. The coarse 2-D
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Figure 7.5: Pressure along combustor at mid-span of computational domain, z = 6.25 mm.
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Figure 7.6: Constant equivalence ratio contours at entrance of combustor (x = 0.1226m).
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uniform-compression with 1.1 million cells, required 5000 cpu hours (20 hours on 256 cpus).
The 3-D configuration, with a cell count of 8 million cells required on average, 25000 cpu hours
(100 hours using 256 cpus) using a CFL number of 5.0 with local time stepping.
7.4 Nominally Two-Dimensional Uniform-Compression
Results and Discussion
The results for the nominally 2-D uniform-compression engine (2-D engine) are given in Fig-
ures 7.10, 7.11 and 7.12. A comparison of the pressure coefficient contours given in Figure
7.10a for the frozen and reacting flow shows there is significant pressure rise from combustion.
The shock structure in the combustor changes with reactions activated, as shown by the change
in location of the SBLIs in Figure 7.10b. This is due to the influence of the reactions which
lowers Mach number and therefore alters the shock structure.
The porthole injection method generates the typical flow structures expected from sonic
injection into a supersonic cross-flow, detailed in Figure 7.11 at the symmetry plane, that serve
to initiate the near-field mixing. Far-field mixing is controlled by turbulent diffusion and is
enhanced when the flow passes through shock waves, owing to baroclinic torque generated from
the pressure and density gradients of the plume and air. The mixing processes are discussed
further in Section 7.10.
Figure 7.12a shows the combustion efficiency and temperature contours in the engine for the
reacting simulation. The bottom wall is flooded with the pressure coefficient, with the limiting
streamlines superimposed. The high temperature, in excess of 1600 K, produced in the mixing
layer of the fuel and air causes the flow to react and form radicals. This phenomena was reported
in an experimental investigation of porthole fuel injection into a Mach 10 enthalpy supersonic
flow [92], see Figure 3.9. We study the effect of the inlet radicals on the global combustion
behaviour through suppressing reactions in the inlet in the sections that follow.
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Figure 7.7: Constant atomic H mass fraction contours at entrance of combustor (x = 0.1226m).
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Figure 7.8: Constant combustion efficiency contours at exit of combustor (x = 0.45m).
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Figure 7.9: Constant atomic H mass fraction contours within the boundary-layer, at the first SBLI.
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The shock-induced boundary-layer separation at the first SBLI, shown in Figure 7.9, ignites
the flow within the boundary-layer. The recirculation region between the injectors contains
partially mixed fuel and air at temperatures in excess of 1400 K, as shown in Figure 7.12.
Fuel and air entrained into the separation react to produce radicals, which diffuse out of the
recirculation zone and into the boundary-layer reattachment region. This flow feature acts as
a flame holder, which ignites the flow around the outer edge of the plume along the bottom
wall. Radicals formed within the inlet around the upper part of the H2 plume ignite the flow in
that region after passing through the reflected shock wave off the symmetry plane. Combustion
that is initiated within the outer mixing region of the plume propagates inward via a diffusion-
controlled heat conduction process [2], due to the partial mixing of fuel and air within the inlet.
A combustion efficiency of 56% is achieved at the exit of the combustor.
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(a) H2 mass fractions and streamlines
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(b)Mach number and streamlines
Figure 7.11: Flow features generated at the injector symmetry plane (z = 0m) in the nominally 2-D
engine.
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(a) Reacting flow, cross-stream slices flooded with combustion efficiency contours (left) and temper-
ature (right), bottom wall flooded with pressure coefficient contours and limiting streamlines, sym-
metry plane flooded with pressure coefficient
Ignition
(b) Reacting flow, entrainment and expulsion of streamlines in and out of the shock-induced boundary-
layer separation. Streamlines flooded with H mass fraction, bottom wall and injector symmetry line
flooded with pressure coefficient. Streamlines are entrained from the boundary layer close to the
injector centreline (left), and expelled out of the separation close to the off-injector symmetry plane
(right).
Figure 7.12: 2-D 13 o reacting flow simulation.
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7.5 Three-Dimensional Nonuniform-Compression Results and
Discussion
We now investigate how the combustion processes in the nominally 2-D uniform-compression
engine are affected by the 3-D nonuniform-compression inlet. The temperature and pressure
in the 3-D nonuniform-compression scramjet (3-D engine) for the fuel-on frozen and reacting
simulations are presented in Figure 7.13. The cross-stream slices are flooded with constant
temperature contours, while the bottom walls and high-compression symmetry plane (z = 0)
are flooded with constant pressure coefficient. Combustion in the 3-D engine increases the tem-
perature and pressure and alters the shock structure. The nonuniform-compression flow field
contains streamwise SBLIs (as in the 2-D results) and spanwise shock reflections, detailed in
Figure 7.13. Unlike the frozen simulation, the spanwise shock reflection in the low-compression
side traverses the flow field into the high-compression side with reactions enabled. This high-
lights the coupling of combustion with the inlet induced spanwise flow gradients to be discussed
in this section.
Figure 7.14a shows the cross-stream slices of combustion efficiency in the engine. Figure
7.14b shows the combustion efficiency and limiting streamlines within the boundary layer. As in
the 2-D simulation, the flow is ignited around the fuel plumes at the combustor entrance due to
the combination of high temperatures generated from the separation along the bottom wall and
radicals produced in the shear layer of the fuel and air in the inlet. More radicals are produced
in the high-compression side of the inlet. Higher levels of combustion also occur immediately
downstream from the first SBLI within the high-compression side of the engine. These effects
are due to the higher local pressure and temperature generated in the high-compression side
relative to the low-compression side. Although combustion is low in the low-compression side
immediately downstream from the first SBLI, high levels are observed after the second SBLI.
This is due to a spanwise reflection of the flow interacting with the side wall which is discussed
in detail in the sections that follow.
The spanwise nonuniform flow generated by the inlet is shown in a cross-stream slice
flooded with the pressure coefficient contours taken upstream of the combustor entrance in
Figure 7.15a. The constant equivalence ratio contours at the entrance to the combustor (Figure
7.15b) shows that the flow has been partially mixed within the inlet and the penetration height of
the fuel is approximately the same for each fuel plume. The influence of the porthole injection
method on the global flow behaviour is shown in Figure 7.16, where the surface (or wall) lim-
iting streamlines and constant pressure contours of the fuel-off and frozen fuel-on simulations
are compared. The shock-induced boundary-layer separation at the entrance of the combustor
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changes from smooth, without fuel injection, as in the premixed study, to corrugated, with fuel
injection. These changes are due to the additional shock waves generated by the porthole in-
jection method (Figure 7.15a) and associated mixing processes. The shocks generated from the
injectors merge with the inlet leading edge shock, as shown in the 2-D shock structure in Figure
7.10b, and steepens the shock wave that enters the combustor. This causes the SBLI at the en-
trance of the combustor to move upstream relative to the fuel-off case and increases the number
of streamwise SBLI. Two local high-compression regions form along the bottom wall of the
combustor. The first is within the high-compression side of the combustor (z = 0) at the first
SBLI, which is expected owing to the inlet design. The second is within the low-compression
side of the scramjet at x = 0.38m, which is generated by the spanwise reflection. The favour-
able spanwise pressure gradient, from the high to low compression side, at the entrance of the
combustor causes the flow to accelerate from the high to low compression-side of the engine
after the first SBLI. The flow then interacts with the side wall, which generates a spanwise shock
wave between the second and third SBLI, as shown in Figure 7.17. The same flow feature was
isolated in the premixed work, where we termed it a “spanwise reflection” (see Figure 6.23a).
This flow feature is present in both the frozen fuel-on and fuel-off simulations, which indicates
the inlet fuelling method does not change this spanwise flow behaviour.
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The influence of the combustion on the flow field is illustrated in Figure 7.17, where the
limiting streamlines and pressure contours along the bottom wall of the engine are plotted for
the fuel-on frozen and reacting simulations. The pressure and shear stress data extracted from
the mid-span of the computational domain is given in Figure 7.18a and 7.18b respectively. The
streamwise length of the shock-induced boundary-layer separation (indicated by the negative x
component of the shear stress in Figure 7.18b) at the entrance of the combustor (x = 0.1226m)
increases by 20 % when reactions are enabled. The spanwise reflection in the low-compression
side (x = 0.25m) moves further upstream, while unlike in the fuel-on frozen simulation, the
spanwise shock reflection at the side wall rapidly traverses the flow field back into the high-
compression region. The local pressure coefficient increases from 0.55 to 0.98 (44 %) over the
spanwise reflection shock wave (this a 3-D oblique shock wave) as shown in Figure 7.18a. This
results in an incipient 3-D boundary layer separation as shown in Figure 7.14b. These changes
can be explained by the increased adverse pressure gradient from combustion downstream of
the separation. The increase in temperature also reduces the Mach number and steepens the
shock angles relative to the wall, thus inducing a larger pressure gradient and therefore lar-
ger separation. The decreased Mach number also allows greater spanwise communication of
pressure rise and increases the spanwise reflection angle. As previously commented in Section
6.3.3, if a constant pressure is assumed through the boundary layer, the increased temperature
decreases the density, and hence the momentum of the incoming boundary layer, making it
more susceptible to separation for a given adverse pressure gradient. The increased boundary-
layer temperature also reduces the Mach number through the boundary-layer, allowing greater
upstream communication.
Another feature of the 3-D flow is the spanwise movement of the fuel plumes in the com-
bustor, shown in Figure 7.14a. The plumes within the high-compression (injectors 1 and 2)
region move toward the low-compression side after the first streamwise SBLI as they follow the
local favourable pressure gradient generated from the inlet. At the exit of the combustor, the
combustion plumes are approximately realigned with their original spanwise injector locations
in the inlet. Note the H2O in the boundary layer (see Figure 7.14b) does not accurately represent
the plume movement within the core flow. This is because the low-momentum flow within the
boundary layer is more susceptible to pressure gradients.
7.6 Turbulence Model Sensitivity Study
Although RANS turbulence models can predict the mixing within inlet fuelled scramjets [62],
each turbulence model predicts different levels of mixing and may require parameters such
as the turbulent Schmidt number to be calibrated (see [93] for example). This variability is
inherently due to the inability of RANS to capture unsteady turbulent eddies. This also applies
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(a) Slice upstream of combustor (x = 0.095m): pressure contours.
High Compression (y-x symmetry plane) 
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(x-z symmetry plane)
(b) Cross-stream slice at entrance of combustor (x = 0.1226) m: constant equivalence ratio contours.
Figure 7.15: Cross-stream slices at the entrance of the combustor and in the inlet to show the influence
of the nonuniform-compression inlet to the flow, frozen flow.
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Figure 7.16: Pressure coefficient on bottom wall, fuel-on frozen (top), fuel-off (bottom), circles show
high pressure region at first SBLI and from spanwise reflection at side wall.
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Figure 7.17: Fuel-on frozen and reacting flow pressure coefficient contours and limiting streamlines
along bottom wall.
for capturing the unsteady characteristics of SBLIs. Caution must therefore be exercised when
using RANS to simulate mixing and combustion processes.
The engine is simulated using the SA turbulence model [59] to ensure the flow behaviour
is not dependent on the selected SST model only. A comparison of the SST and SA simula-
tions are presented in Figure 7.19, where the combustion efficiency within the boundary layer
is shown with the limiting streamlines. The simulations show that the spanwise flow gradient/-
combustion coupling behaviour is unchanged and is therefore not unique to the SST turbulence
model. Both simulations show approximately the same boundary-layer separation size at the
first SBLI, however the SA solution predicts fewer radicals in the low-compression side of
the scramjet. Furthermore, the boundary-layer separation at the spanwise reflection within the
high-compression side of the combustor is not predicted in the SA solution. Despite these dif-
ferences, the physical processes that facilitate ignition and combustion (radical production from
injection method, ignition from bottom wall at first SBLI and spanwise flow gradient/combus-
tion coupling) do not change when using either turbulence model. Therefore, it is expected that
the combustion behaviour will be reproduced when using other turbulence models.
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Figure 7.18: Fuel-on frozen and reacting flow, pressure coefficient distribution and shear stress in x
direction, data extracted at z = 0.05m.
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Figure 7.19: SA and SST simulations, limiting streamlines and combustion efficiency.
7.7 Comparison of the Uniform andNonuniform-Compression
Scramjet
The stream thrust average (STA) pressure coefficient and combustion efficiency in the 2-D and
3-D engines are given in Figures 7.20 and 7.21.2 The 3-D and 2-D geometries produce very
similar inlet pressure ratios of 22.5 and 23.5 respectively, as a result of having the same mean
inlet compression angle in the inlet (13 o), approximately the same inlet contraction ratio (≈
0.6% difference) and injection method. The pressure rise, or rate of heat release, within the
2-D engine proceeds quasi linearly. The pressure rise in the 3-D engine proceeds linearly at
the start of the combustor at 0.1226 < x < 0.25m, however at 0.25 < x < 0.3m there
is an increase in the rate of pressure rise. This increase occurs at the second SBLI location
(x ≈ 0.25m). After x = 0.3m the rate of pressure rise reduces, however it remains higher than
that of the 2D engine. The same trend is found in the combustion efficiency, as shown in Figure
7.21.
Figure 7.22 compares the uninstalled Isp of the 2-D and 3-D engine. The uninstalled Isp
is calculated using Equation 7.5 using the STA properties at a every streamwise (x) location,
as shown schematically in Figure 7.23. Expressing the uninstalled Isp in this form enables the
drag within the inlet, injection method and combustor to be compared. These data show that
the 3-D engine produces approximately 75 s (8%) less uninstalled Isp, and therefore more drag,
2The 3-D engine results presented in Table 7.5 and Figures 7.20 and 7.21 have the low-compression side wall
modelled as an inviscid slip wall. This is because the nominally 2-D uniform-compression engine does not contain
side walls. The drag introduced from the side wall in the 3-D nonuniform-compression engine must therefore be
removed to fairly compare the two engines.
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Table 7.5: Reacting flow combustor entrance and exit conditions of 2-D and 3-D engine configurations.
STA Property 2-D 3-D
cp entrance 0.34 0.36
pr inlet 22.5 23.5
cp exit 0.74 0.87
ηH2O exit 0.57 0.66
ηM entrance 26 % 26 %
Isp,Potential (Equation 7.6) 240 400
φ 0.99 0.99
during the compression process the inlet. The uninstalled Isp generated within the combustor
is approximately the same for both engines, indicating that the flow nonuniformity does not
increase the viscous drag in the combustor.
Isp = [(m˙xUx − m˙0U0) + Ax(px − p0)]/m˙H2g (7.5)
The upper part of the Figure 7.22 provides the uninstalled Isp potential of the scramjet, assuming
an isentropic nozzle expansion ratio (ER) of 8, calculated Equation 7.6 (repeated here from
Chapter 5), throughout the combustor. This is shown schematically in Figure 7.23.
Isp, potential = [(m˙3U3 − m˙0U0) + A3(p3 − p0)]/m˙H2g (7.6)
The potential Isp from the nozzle surface for the 2-D and 3-D engine is 1325 s and 1525 s re-
spectively, an increase of approximately 14 %. The improved uninstalled Isp potential reflects
the performance benefits of the increased pressure due to 3-D combustion phenomena in the 3-D
engine. The performance enhancement occurs at the same streamwise location to the increased
pressure and combustion efficiency at x ≈ 0.25-0.35m. The flow nonuniformity delivered to
the exit of the combustor in the 3-D engine may degrade the performance relative to the 2-D
engine, owing to additional losses incurred during the expansion process (see pg. 388 [1]). This
is investigated further in Section 7.12.
An overview of the engine parameters for both engines is given in Table 7.5. The exit
pressure coefficient cp, combustion efficiency, and uninstalled Isp potential, of the 3-D engine
is greater than or equal to the 2-D engine in each case. The gain in combustion performance,
pressure rise and uninstalled Isp potential in the 3-D engine is due to the TC which is investigated
in detail in the sections that follow.
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Figure 7.20: Pressure rise comparison within 3-D and 2-D engine.
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Figure 7.23: Schematic of scramjet showing the expansion process used to calculate uninstalled Isp
potential, and uninstalled Isp in engine (reproduced from Chapter 5).
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7.8 Isolating Combustion Processes
The combustion processes discussed in the previous sections are now investigated in isolation.
Further numerical simulations are conducted to determine how they influence the overall com-
bustion behaviour of the 3-D engine. The combustion processes within the 3-D engine are
identified as:
1. 3-D flow features within the combustor, in particular the influence of the shock-induced
boundary-layer separation at the first SBLI and the spanwise reflections at the side wall.
2. Radical production from the injection method within the inlet.
3. Thermal Compression, in the form of coupling of the spanwise flow gradients with com-
bustion induced compression waves.
The same processes were identified in Chapter 6, excluding the radical production from the
injection method. In that chapter, we showed that TC enhanced combustion within the low-
compression side of the engine. In addition, a 3-D shock-induced boundary-layer separation
ignited the flow in locally high temperature regions in the boundary layer and transported rad-
icals from the high to low-compression side of the engine.
Each interaction is isolated by: 1) comparing fuel-on frozen and reacting simulations; 2)
injecting combinations of inert and reacting hydrogen within the high- and low-compression
sides of the scramjet; and 3) artificially suppressing heat release in local regions. The results
from these simulations are presented in Figures 7.24 and 7.25. The pressure contours and lim-
iting streamlines show how the heat release influences the spanwise shock structures. The H2O
contours show where the flow ignites from within the boundary layer by 3-D flow features.
Injecting reacting fuel into only the high- or low-compression side of the engine enables us
to isolate how the fuel injected in each side burns without the influence of combustion from
the other side. Injecting inert H2 within the nonreacting side of the engine preserves the 3-D
flow structures generated by the injection method.3 The injection method introduces additional
shock structures into the engine, which in turn influence the behaviour of the shock-induced
boundary-layer separation and therefore the combustion. Moreover the injection method in-
creases the effective compression ratio of the inlet. This compression needs to be conserved
when comparing the pressure rise relative to the fuel-on frozen solutions, as shown in Figure
7.24. The final method used to decouple the combustion processes is to artificially suppress
3In practice an inert species with properties similar to hydrogen, such as helium, can be used to conduct exper-
iments.
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reactions in local regions. This technique was used successfully in the premixed studies in
Chapter 6. This technique is useful here to remove the influence of radicals that form within the
inlet and from the injection method and to isolate the combustion enhancement from TC within
the low-compression side of the engine.
7.8.1 Three-Dimensional Flow Features
The influence of the shock-induced boundary-layer separation and spanwise flow reflection
on combustion is isolated by injecting inert hydrogen and reacting hydrogen in only the low
(injectors 3 and 4) or high (injectors 1 and 2) compression side of the engine. These simulations
are given in Figures 7.24b,c, and 7.25a,b.
The high-compression-fuelled simulation in Figure 7.25b shows how the fuel injected in the
high-compression side ignites without the influence of combustion of fuel injected in the low-
compression side. The combustion between the first and second SBLI in the high-compression
side is unchanged relative to the fully-fuelled simulation. This indicates combustion in the high-
compression side is not affected by the combustion of fuel injected in the low-compression
side. There is H2O present within the shock-induced boundary-layer separation in the low-
compression side of the combustor, where only inert H2 fuel is injected. Moreover, the second
SBLI interaction transports the flow within the boundary layer further into the low-compression
side where H2O is present at the spanwise location z = 0.095m at 0.28m<x < 0.33m.
The low-compression-fuelled result in Figure 7.25a shows how the fuel injected in the low-
compression side ignites without the influence of combustion from fuel injected in the high-
compression side. The amount of H2O in the boundary layer between the first and second SBLI
in the low-compression side is lower compared to the fully-fuelled simulation. This indicates
there is combustion enhancement in the low-compression side from combustion of fuel injected
in the high-compression side in the fully fuelled case. The enhancement is caused by radicals
being transported within the shock-induced boundary-layer separation from the high to low-
compression side. This can be visualised in Figure 7.26 where streamlines are entrained in and
expelled out of the shock-induced boundary-layer separation. A similar combustion process is
identified in the premixed investigation and was termed radical transport, where it enhanced
combustion in the low-compression side. The low-compression-fuelled result shows significant
combustion after the spanwise flow reflection at the side wall, regardless of combustion in the
high-compression region. This is due to a local high pressure region that forms from the span-
wise reflection. There is coupling of combustion-induced compression waves and the spanwise
shock structure after the second SBLI, as shown by the change in the pressure contours and
reflected shock structure angle in Figure 7.24a and b.
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Figure 7.24: Pressure contours along the bottom wall for high-, low-, fully-fuelled and inlet radical
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Figure 7.26: Fully reacting flow, entrainment and expulsion of streamlines within shock-induced
boundary-layer separation, streamlines flooded with atomic hydrogen mass fraction.
The combustion efficiency contours and limiting streamlines within the boundary between
the premixed and fully-fuelled simulation are shown in Figure 7.28 to highlight the affect of
fuel injection on the ignition process within the shock-induced boundary-layer separation. Both
simulations show that the flow along the bottom wall ignites from within the first SBLI. There
are local changes to the shock-induced boundary-layer separation characteristics with injection
caused by the additional shock structures and mixing processes. Higher levels of H2O are pro-
duced in the recirculation bubbles with injection. This may be caused by an increased residence
time of flow within the recirculation zone that results from the corrugated shape of the separ-
ation. Note that the streamlines entrained into the separation are forced to recirculate multiple
times within the separation before being expelled. The separation in the premixed simulation,
instead, carries the flow “smoothly” from one side of the engine to the other. Another cause
for the increased combustion in the separation is the presence radicals that form in the inlet.
This effect can be seen by comparing the inlet suppressed (Figure 7.25d) and the fully reacting
flow (7.25c). The level of combustion in the separation reduces when radicals are suppressed
in the inlet. Another source of the increased combustion in the injection simulation is the in-
creased shock strength caused by the bow shocks from the injectors. This increases the strength
of the shockwave impinging the boundary layer, which results in higher temperatures within
the separated flow regions. This is shown in Figure 7.27, where cross-stream slices close to
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the separation are plotted. Note that, three slices are given for the premixed simulation as the
separation is more swept and spans a larger streamwise length of the combustor. The sonic line,
shown in blue, gives the approximate position of the shear layer over the separation. Below
this line is the separated flow region. The premixed results show a maximum temperature of
∼ 1500K within the separated zone. The injection results show a maximum temperature of ∼
1800K, which is located in the high-compression side of the engine. The temperature decreases
in the spanwise direction toward the low-compression side.
Both simulations show coupling between the spanwise gradients and combustion. Unlike
the injection simulation, however, the spanwise shock reflection in the premixed simulation does
not traverse the entire width of the engine. It should be noted that the mean pressure delivered to
the combustor in the premixed case (29 kPa) is lower than the injection case (36 kPa). The higher
pressure in the injection case increases the rate of heat release, which explains the stronger
spanwise combustion coupling behaviour.
7.8.2 Radical Production from Injection Method
The influence of the radical production from the injection method is isolated by suppressing
reactions in the inlet (Figure 7.24e and 7.25d). The reactions that take place in the inlet in-
crease the pressure of the flow by 10% at the combustor entrance, as shown by the difference
between the frozen and reacting STA pressure data in Figure 7.20. The reactions-suppressed
simulation (Figure 7.25d) shows that the spanwise/combustion coupling behaviour remains un-
changed relative to the fully reacting simulation (Figure 7.25c). The spanwise reflections at
the side wall and centre line move downstream 0.03m relative to the fully-reacting simulation.
This is because suppressing radical production hinders the ignition of the flow in the combustor
and therefore the rate of heat release and pressure rise. Less pressure rise results in weaker
coupling of the combustion-induced pressure waves with the spanwise flow gradients. The
result highlights that the 3-D combustion/spanwise coupling behaviour is independent of the
radical production from the injection method. This indicates the same flow behaviour will most
likely persist for other injection schemes that deliver a partially premixed flow to the combustor
entrance.
7.8.3 Thermal Compression
The 3-D engine experiences an increase in the rate of pressure rise around the second SBLI and
spanwise reflection, 0.25 < x < 0.33m, as shown in Figure 7.20. This increased rate of pres-
sure rise is largely due to TC where combustion within the high-compression side compresses
the flow in the low-compression side, thereby enhancing combustion. The presence of H2O
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Figure 7.27: Cross-stream temperature contours to show the temperature in the separation at the first
SBLI.
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Figure 7.28: A comparison of fully-fuelled simulation (present chapter) and premixed (previous
chapter): Bottom wall flooded with combustion efficiency contours and limiting streamlines.
Table 7.6: Reaction suppression zones.
Position Region 1 Region 2
xmin 0.0 0.1226
xmax 0.25 0.25
ymin 0 0.39
ymax 0.52 0.43
zmin 0.05 0.05
zmax 0.1 0.06
(and therefore radicals) at the second SBLI in the low-compression side also enhances com-
bustion. The low-compression fuelled simulation (Figure 7.25a) shows that combustion (and
therefore radical production) takes place in the low-compression side upstream of the second
SBLI. The high-compression-fuelled simulation (Figure 7.25b) shows that combustion products
are transported into the low-compression side from fuel injected into the high-compression side.
The influence of these radicals on the combustion at the second SBLI must be removed if we
are to isolate the combustion enhancement from only TC. This is achieved using two reaction
suppression regions, specified in Table 7.6. Region 1 is used to suppress radicals forming up-
stream from the second SBLI in the low-compression side. Region 2 is used to suppress the
production of the radicals that are transported within the boundary layer from the high to low-
compression side. Thermal compression can now be isolated by comparing the results of the
low-compression, high-compression and fully-fuelled simulations with the reaction suppression
regions given in Figure 7.29.
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The low-compression-fuelled simulation (Figure 7.29a) shows the fuel injected in the low-
compression side (injectors 3 and 4) ignites at the spanwise reflection at x ≈ 0.33 m, given
by the bottom wall combustion efficiency contours. The high-compression-fuelled simulation
(Figure 7.29b) shows the region in the low-compression side where no H2O is transported from
fuel injected in the high-compression side.4 The fully-fuelled simulation (Figure 7.29c) shows
combustion in the low-compression-side is achieved at x ≈ 0.25m, further upstream compared
to the low-compression-fuelled simulation, and in the region where no H2O transport from fuel
injected in the high-compression side is possible (see Figure 7.29b.) This result shows that
TC from combustion in the high-compression side between the first and second SBLI enhances
combustion of the fuel injected in the low-compression-side of the engine.
The cross-stream slices of the combustion efficiency in Figure 7.30 show how the core flow
is ignited in both the low-compression and fully-fuelled simulation. Figure 7.30a shows the fuel
plumes in the low-compression side ignite at x = 0.38m, as opposed to Figure 7.30b (with TC)
which ignites upstream at x = 0.32m. The heat release in the low-compression region (with
TC) occurs at a higher pressure, temperature and lower Mach number and therefore the heat
addition process has a higher thermodynamic cycle efficiency. 5
4By comparing the high-compression-fuelled with (Figure 7.29b) and without (Figure 7.25b) reaction suppres-
sion in region 2, we see that the area without radicals increases. This enables us to isolate the influence of TC on
combustion on a greater portion of the flow in the low-compression side.
5For a given amount of heat release, the lower the local Mach number, the higher the thermal efficiency. This
is explained by Rayleigh losses, see for example pg. 77 in [1].
Isolating Combustion Processes Section 7.8 179
Combustion enhancement from TC only
Reaction suppression region
Region 1 entire domain
Region 2 in boundary layer only 
H2
H2 Inert 
a) Low-Compression-Fuelled
b) High-Compression-Fuelled
c) Fully-Fuelled
No radicals transported in boundary layer from injector 3 and 4
Combustion enhancement from thermal compression isolated
No significant combusttion
1Region 1
Region 2
Region 1
Region 1
Region 2
Region 2
Figure 7.29: Isolating TC within the low-compression side of the 3-D engine; combustion efficiency
contours and limiting streamlines along the bottom wall.
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7.9 Heat Addition Analysis
So far, we have established that the uninstalled Isp potential of the 3-D engine is higher than
its equivalent 2-D engine. In the previous section, we examined the overall performance and
inferred the increase in performance potential in the 3-D engine is caused by the higher combus-
tion efficiency. Given that both engines have approximately the same inlet compression ratio,
and CR, we assume that the difference in performance must be due to the increased thermal
efficiency, ηth, of the 3-D engine. Following the same convention as Heiser and Pratt [1] (page
161) the thermal efficiency, ηth is defined as the product of the thermodynamic cycle efficiency,
ηtc, and, the combustion efficiency, ηb. In this section, the combustion efficiency is approxim-
ated using the heat of reaction in Equation 2.9 (pg. 496 [46]). This shows the amount of heat
added to the flow from chemical reactions.
The thermodynamic cycle efficiency is related to the local flow properties of heat release
(see discussion in Section 2.2). An engine with a low combustion efficiency and a high ther-
modynamic cycle efficiency, may outperform an engine with a high combustion efficiency and
a low thermodynamic cycle efficiency. The TC performance gains calculated by Billig [21]
and Ferri [2] were fundamentally caused by the increase in thermodynamic cycle efficiency of
the engine, not by an increase in combustion efficiency. In this section we determine if the
thermodynamic cycle efficiency of the nonuniform-compression scramjet, with strong thermal
compression effects, is higher than the uniform-compression engine? Determining this will de-
termine if the gain in perfromance of the 3-D engine is from the combustion efficiency (total
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heat release) only, (from the localised high pressure regions which accelerate the reaction rates,
and therefore the amount of heat release within the combustor) or also from the thermodynamic
heat addition process (i.e heat is also added in regions of higher pressure, temperature and lower
Mach numbers relative to the 2-D engine).
To investigate this we use a control volume analysis approach. The entropy generated from
heat release and irreversibilities is calculated in the combustor using Equation 7.7, derived from
a control volume in Figure 7.31.
✚
✚
✚
✚
✚❃
0(
ds
dt
)
CV
= m˙sgen + m˙airsair + m˙H2sair − m˙sout −
∑ q˙
Tw
sgen = sout −
˙mair
m˙
sair −
˙mH2
m˙
sH2 +
∑ q˙
m˙T
(7.7)
The entropy in and out of the control volume, sin and sout, is calculated using onedval [81],
from the inflow and outflow from the CFD solution. The heat transfer, q˙ is taken from the
CFD solution. This value is integrated over the surface from the start of the domain (x = 0)
to a streamwise position, x. The temperature of the wall, Tw, is constant, 300 K. The entropy
generated in the engine for a given amount of heat release is given in Figure 7.32 for the 2-D
and 3-D engines. The 3-D engine generates less entropy, for a given amount of heat release,
after s = 1150 kJ/(kg.K).
For an ideal gas, a more efficient heat release process generates less entropy, for a given
amount of heat release. Therefore, for a given amount of heat release, ∆H
Tref
R , a lower en-
tropy value, sgen indicates that the heat has been added more efficiently. In this work we have
a multispecies mixture with finite-rate chemistry modelling, and therefore unlike an ideal gas,
there are additional sources of irreversibilities that contribute to an increase in entropy. These
are; viscous dissipation (heating), mass transport (mixing), heat conduction, chemistry, and
total pressure losses from shock waves. If we assume that the entropy generation from mix-
ing, heat conduction, shock waves and viscous dissipation is approximately the same in each
engine, Figure 7.32 shows that the 3-D engine has a more efficient heat addition process. The
assumption that heat conduction, and viscous dissipation losses are negligible is, however, not
valid. The 3-D engine, for example, has higher heat conduction from the flow into the walls.
This approach therefore cannot be used to draw a definitive conclusion.
Another method that can be used to relatively compare the thermodynamic cycle efficiency
of the 2-D and 3-D engines is to compare the uninstalled Isp potential with the same combustion
efficiency. The 2-D engine, however, has a lower combustion efficiency at the exit of the com-
bustor. We must therefore artificially add heat to the 2-D engine via a certain thermodynamic
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Figure 7.31: Scramjet control volume with entropy source terms.
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Figure 7.32: Entropy generated and heat of formation (heat added to flow from chemical reactions).
process (here we use constant-area heat addition). From this, we can calculate and compare the
potential Isp to the 3-D engine. The engine with the higher Isp must have a higher thermody-
namic cycle efficiency.
An energy balance of a scramjet is given in Figure 7.33. From Figure 7.33, the amount of
heat energy added to the flow can be written as:
ht,airm˙air + ht,H2m˙H2 +∆H
T=300K
R
˙mH2
m ˙mair + ˙mH2
=
∑
q˙ + ht,outm˙out
∆HT=300KR −
∑
q˙ = ht,outm˙out − ht,airm˙air − ht,H2m˙H2
(7.8)
Figure 7.34 shows that the heat (chemical energy) added to the 2-D engine is lower (0.085 ×
3300 kJ/kg) than the 3-D engine where the heat conduction through the wall is accounted for.
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Figure 7.33: Scramjet control volume with energy balance.
Heat is artificially added to the exit flow of the 2-D engine, such that both engines have equal
amounts of chemical energy. An ideal constant-area heat addition process is assumed using the
STA properties taken from the exit flow from the 2-D CFD solution. It should be noted that
the 2-D engine is the “best case scenario” as heat is added via an ideal frictionless process.
The Isp potential is then calculated. Applying this method to the 2-D engine (see Figure 7.35)
gives a Isp potential of 376 s, which is lower than the 3-D engine of 410 s. As both engines
have identical amounts of heat energy, the difference in performance can only be due to the
thermodynamic cycle efficiency. The 3-D engine has a higher Isp potential, therefore it must
also have a higher thermodynamic cycle efficiency. This provides evidence that the thermal
efficiency improvement in the 3-D engine is due to both an increase in combustion efficiency
(ηb), and the thermodynamic cycle efficiency (ηtc). This shows that the local heat addition in the
3-D engine occurs in regions of higher pressure, higher temperature and lower Mach number
on average compared to the 2-D engine.
In the previous analysis, we added energy to the 2-D engine via an ideal frictionless process
to match the combustion efficiency, in terms of added thermal heat, of the 3-D engine. This
allowed us to compare the performance of both engines with equal heat addition to evaluate if
the 3-D engine had a more efficient heat addition process. In addition to the previous analysis,
the combustor in the 2-D engine is extended to 1.0m to allow the combustion to proceed to
higher levels, such that the performance of the two engines can be compared with equivalent
combustion efficiency. The combustion efficiency in terms of H2O production is given in Figure
7.36, while the Isp potential is given in Figure 7.37. In addition to this, the combustion efficiency
in terms of H2 consumption is given (defined in Equation 7.9). The H2 consumption combustion
efficiency gives a higher value. This is because the formation of H2O is predominately driven by
the recombination, which can only occur after the chain propagating reactions, which involves
breaking down H2 and O2 to radicals such as atomic H, O and OH. The combustion efficiency
at the exit of the combustor (x = 1.0m) is 88% and 76% in terms of is H2 consumption and
H2O respectively. The 2-D engine has a maximum overall Isp potential at x = 0.6m of 336 s,
which is less than the 3-D engine, with a shorter combustor at x = 0.45m, of 410 s. After 0.6m
the benefits from an increase in combustion efficiency are outweighed by the losses associated
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Figure 7.34: The amount of chemical energy remaining in the flow.
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Figure 7.35: Schematic of the heat addition process to increase the combustion efficiency of the 2-D
engine.
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Figure 7.36: Combustion efficiency of the 2-D engine with an extended combustor and the 3-D engine.
with viscous combustor drag. The Isp potential drops as a result. The simulation shows that the
3-D engine has superior performance relative to the 2-D engine, even when the 2-D combustor
is extended to allow the combustion efficiency to exceed the 3-D engine.
ηH2 = 1−
˙mH2
m˙cH2,stochometric
(7.9)
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Figure 7.37: The Isp of the 2-D engine, with an extended combustor, and the baseline 3-D engine.
The pressure slices at the high-compression side, low-compression side and centreline of the
3-D engine are given in Figure 7.38. Combustion in the high-compression side takes place as a
decreasing pressure process until the spanwise reflection, which increases the pressure. Com-
bustion at the centreline takes place with increasing pressure, until the spanwise flow reflection.
The low-compression side shows that the pressure increases until the spanwise reflection, where
the pressure then rapidly rises over the shock wave. Now consider the corresponding 2-D com-
bustor profile to generate the pressure trends, given schematically in Figure 7.39. If we now
refer back to Billig’s optimisation study [21] of a two stream TC-like scramjet in Section 3.1.3
we can see that the 3-D engine has a heat addition process similar to that described for high
Mach numbers. That is, the heat addition process, modelled using Crocco’s Equation 3.1, in
the high-compression stream should reduce pressure (diverging combustor, ǫ = −1.0), while
the heat addition process in the low-compression stream is constant pressure (ǫ = 0). This is
approximately the case for the high- and low-compression side of the engine (until the span-
wise reflection). The flow at the centreline appears to be of constant pressure until the spanwise
reflection. The 2-D pressure profile taken from the off-injector symmetry plane is also given to
compare. We see that the pressure behind the spanwise reflection in the 3-D engine is higher
than the pressure at the exit of the 2-D combustor.
Another feature of the expansion and compression in the 3-D engine from the spanwise flow
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3-D high-compression side
3-D centreline
3-D low-compression side 
2-D compression 
Figure 7.38: Streamwise pressure profiles of the 3-D engine at high-compression side, low-compression
side and centreline.
gradients is mixing enhancement. This is investigated in the following section.
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Figure 7.39: Schematic of the 2-D combustor geometry to produce the pressure coefficient contours in
Figure 7.38.
7.10 Mixing Analysis
The mixing enhancement from the flow features and TC in the 3-D engine are investigated
in this section. The global mixing efficiency for the frozen 2-D and 3-D engine is given in
Figure 7.40. The mixing efficiency at the entrance of the combustor is 26% in the 2-D and
3-D configurations. The rate of mixing after the combustor entrance is higher in the 3-D engine
after the first SBLI (x = 0.15). This trend continues to the exit of the combustor where the
mixing in the 3-D and 2-D engine is 80% and 70% respectively. From this, we conclude that
the 3-D engine must have a higher mixing efficiency because of the inlet-induced spanwise
nonuniformity.
The mixing efficiency contours through the 2-D and 3-D engine (frozen simulations) are
given in Figure 7.41b. The local mixing efficiency is calculated using Equation 7.10. The local
point value of mixing, αR is normalised by the stochiometric mass/air fraction, fs = 0.028.
In the 3-D engine, the mixing at the entrance of the combustor is higher for the fuel injected
in the high-compression side relative to the low-compression side. Fuel injected into the low-
compression side is enhanced after the spanwise reflection. At the exit of the combustor, the
mixing is higher in the low-compression side relative to the high-compression side. The fuel
plumes with TC are also more dispersed, which shows more fuel and air are mixed.
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Figure 7.40: Comparison of mixing efficiency (Equation 7.10) in 2-D and 3-D engine, frozen flow.
ηM,local =
αR
fs
(7.10)
To investigate the 3-D effect further, we can calculate the mixing efficiency of the fuel injec-
ted in the low- and high-compression side of the engine, given in Figure 7.42. Decoupling the
mixing of the fuel from each injector is achieved by introducing new species with the same phys-
ical properties as hydrogen to the injectors in the low-compression-side and high-compression
side. The same technique was used to decouple the combustion from fuel injected in the low
and high-compression side of the engine on the flow field (Section 7.8). This technique allows
us to calculate the mixing efficiency of the fuel injected in the high- and low-compression side
separately at any streamwise location in the engine.
Figure 7.42 shows that the mixing efficiency of fuel injected in the high-compression side
is higher than fuel injected into the low-compression side, at the entrance of the combustor and
after the first SBLI. This can be explained by the lower Mach number (compressibility) in the
high-compression side of the engine. The lower compressibility enhances mixing relative to the
low-compression side which has a higher Mach number, and therefore higher compressibility.
This trend continues until x = 0.2m which is close to the second SBLI. After this streamwise
location, the rate of mixing in the high-compression side decreases. This is because the flow
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(a) Local mixing efficiency in 2-D engine, cross-stream slice flooded with local mixing,
defined in Equation 7.10. Bottom wall and high-compression symmetry plane flooded
with pressure coefficient.
Higher mixing rate in 
high-compression side
in inlet
Low-compression side
High-compression side
x = 0.150 m
x = 0.225 m
x = 0.300 m
x = 0.375 m
x = 0.450 m
x = 0.075 m
Spanwise reflection,
rate of mixing increases in 
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lower Mach numbers, 
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upstream flow conditions
(b) Local mixing contours in 3-D engine, cross-stream slice flooded with local mixing, defined in
Equation 7.10. Bottom wall and high-compression symmetry plane flooded with pressure coefficient.
Figure 7.41: Local mixing in 2-D and 3-D engines.
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Figure 7.42: Mixing efficiency of fuel injected in the high-compression side frozen, low-compression
side frozen, and low-compression side with combustion in high-compression side.
experiences a favourable pressure gradient, and the Mach number increases (frozen flow). Con-
versely, the rate of mixing in the low-compression side increases at x > 0.25m. This can be
explained, in part, by the locally lower Mach numbers and shock structure from the spanwise
reflection. The mixing efficiency at the exit of the combustor is 80%. The combined effect of
the spanwise gradients increases mixing relative to the 2-D engine (70%).
We evaluate whether TC effects enhance mixing. To investigate this we focus on how the
pressure rise from combustion in the high-compression side enhances mixing of fuel injected
in the low-compression side. This can be achieved by calculating the mixing efficiency of
the fuel injected in the low-compression from the high-compression fuelled simulation (Figure
7.24 c). The results show that fuel injected in the low-compression side has a higher rate of
mixing when combustion is allowed to take place in the high-compression side, at x > 0.2m.
This is shown in Figure 7.43 where the mixing contours in the combustor are shown within
the low-compression side of the engine with the fully frozen and TC from combustion in the
high-compression side. We see that the mixing of the fuel plumes in the low-compression side
is enhanced at x > 0.3m (with TC). Therefore, we conclude that TC effects in the 3-D engine
enhance mixing. This trend may be explained by the decrease in Mach number (compressib-
ility) within the low-compression side from the TC from combustion in the high-compression
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Frozen flow With TC from combustion in high-compression side
x = 0.150 m
x = 0.225 m
x = 0.300 m
x = 0.375 m
x = 0.450 m
Plume pushed into low
 compression side from TC effect
Figure 7.43: Mixing in low-compression side of 3-D engine, flooded with mixing efficiency. Left, frozen
flow, right, high-compression fuelled case (TC effect on low-compression side). The benefits of TC
from the high-compression side on mixing are illustrated by the higher levels of mixing at x > 0.3m.
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side. The stronger spanwise reflection may also enhance mixing (see Figure 7.24 b.) relative
to the frozen simulation (Figure 7.24). For example, in Figure 7.43 we have highlighted the
effect TC has on deforming the fuel plume in the boundary layer. The turbulent mass transport
is governed by the turbulent Schmidt number (set to be constant, 0.7), turbulent viscosity (cal-
culated with the SST turbulence model) and species concentration gradient. Higher levels of
turbulent viscosity (up to 50% more in local regions) are observed in the low-compression side
with TC, as shown in Figure 7.44. This shows how the turbulence model predicts higher levels
of turbulent mixing from the change in flow properties within the low-compression side with
TC effects.
Overall, we conclude that the combined effect of the spanwise gradients and TC enhance the
mixing in the 3-D engine. Further analysis of the mixing using these data sets would provide
more insight into the mixing enhancement from TC effects. Furthermore, higher fidelity simula-
tions also provides further insight into the mixing processes in each engine. Detailed discussion
on the mixing processes in inlet fuelled 2-D and axisymmetric scramjets using higher fidelity
CFD (RANS-LES) can be found in [62, 94].
An interesting feature of the mixing in the 3-D engine is where mixing and combustion
take place. The higher mixing observed in the high-compression side allows combustion to
take place more efficiently after the first SBLI. The more efficient the heat release in the high-
compression side, the greater the TC effect on the low-compression side. The heat release in
the low-compression side takes place after the spanwise reflection, where the TC effect and
spanwise flow structures enhance mixing. Furthermore, the spanwise reflected shock wave that
traverses the low to high-compression side also enhances mixing and combustion. Therefore,
both the mixing process and TC effects in the nonuniform-compression engine couple to im-
prove combustion, and overall performance.
7.11 Mixing Analysis with Combustion
In the previous mixing analysis, we only considered the mixing in flow regions with no com-
bustion. In this section, we will analyse the mixing in the 2-D and 3-D engine in regions with
combustion. The primary purpose of this section is to gain insight into whether the combus-
tion process is mixing or kinetically limited. To allow the mixing efficiency to be calculated in
regions where combustion takes place, we must introduce a more general definition of mixing
efficiency. This is provided in Equation 7.11, which is the same form as Equation 7.2, however
it accounts for hydrogen atoms in combustion products. The formation of combustion products
can only occur after mixing. Therefore any hydrogen in the form of a combustion product is
assumed to be mixed.
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Turbulent Viscosity, Pa.s
With TC from combustion in high-compression sideFrozen flow
x = 0.150 m
x = 0.225 m
x = 0.300 m
x = 0.375 m
x = 0.450 m
Higher levels of turbulent viscosity, with TC, indicate higher levels of mixing.
Figure 7.44: Turbulent viscosity contours within the low-compression side of the scramjet. Higher
levels of turbulent viscosity is found within the low-compression side with TC from combustion in the
high-compression side of the engine. This enhances mixing in the shear layer of the H2 fuel plume
and air. This is apparent at slices taken at 0.45 > x > 0.225m
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ηM,R =
∫
A
αRCρudA∫
A
αCρudA
=
H in combustion products + pure H2, mixed
H in combustion products, + pure H2, total
(7.11)
In Equation 7.11 αC is the total mass fraction of H taken from all the species in the flow, defined
in Equation 7.12.
αC =
N∑
s
cs
jMH
MiHj
(7.12)
The summation of the combustion products and mixed H2 is found by integrating αRCρu over
the area of area of the combustor. αRC is computed from:
αRC =

αC , if αC ≤ αsαs(1− αC)/(1− αs) if αC > αs (7.13)
where αs is the hydrogen stoichiometric mass fraction for an equivalence ratio of 1, s is the
species containing atomic H , and j is the number of H atoms in the molecule, for example j is
1 for HO2. Ms represents the molar mass fractions of the species s.
The mixing efficiency, ηM,R, combustion efficiency ηC,H2O and H2 consumption, ηC,H2 ,
throughout the 2-D and 3-D engines are given in Figures 7.45 and 7.46. The mixing efficiency
at the exit of the combustor is approximately 2% and 3% higher in the 2-D and 3-D engines
compared to the frozen simulations (see Figure 7.41). The convergence of the H2 consumption
and mixing efficiency at approximately x = 0.28 for the 2-D and 3-D engines indicates the
engines are mixing limited in terms of H2 consumption at these combustor locations. Therefore
we can conclude that the combustion process is mixing limited in terms of H2 consumption.
As discussed in Section 3.2.2, the ignition process is governed by bimolecular reactions,
which are very sensitive to temperature. The heat release rates are driven by recombination
reactions, which are more sensitive to pressure, and take longer to occur at the flow temperat-
ures and pressures typically found in scramjets. This is shown in Figures 3.11 and 3.12 which
give the ignition delay and reaction distances (assuming a velocity of 2500 m/s) for H2/Air
mixtures using Pergament’s relations. The 100 kPa (approximately 1.0 atm) curves show that
for temperatures greater than 1400K the reaction distance is longer than the ignition distance.
For example, at a temperature of 1600K and 1.0 atm the ignition distance is 6mm, while the
reaction distance is 30mm. This indicates that the third body recombination reactions for heat
release take a longer combustor distances to proceed. This explains, in part, why the formation
of H2O lags the consumption of H2. We can demonstrate through calculating the reaction dis-
tance for the flow in the 2-D engine using Pergament’s relation, Equation 3.7. As a rudimentary
approximation, taking the STA pressure, temperature and velocity at x = 0.28m (the start of
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mixing limited combustion in terms of H2 consumption), gives a heat release distance of ap-
proximately 0.08m. Moving horizontal we intercept the equivalent H2O combustion efficiency
at x = 0.28m. This lag matches that predicted by Pergament’s relation. We conclude from this
rudimentary analysis that the combustion is mixing limited in terms of ignition delay, however,
kinetically limited in terms of heat release. Faster recombination may be achieved by increasing
the inlet contraction ratio, which will increase the pressure in the combustor.
After the mixing limited location (x = 0.28m) the rate of mixing is slightly higher than
the rate of H2 consumption. This means hydrogen that is mixed into the shear layer is not
dissociating as fast as the hydrogen upstream of the mixing limited point. The divergence of the
combustion and mixing efficiency after the mixing limiting point (in terms of H2 consumption)
is observed in both in the 2-D and 3-D engine. The temperatures and pressure within the shear
layer should promote fast dissociation. This is shown in a slice extracted at the exit of the 2-D
engine’s combustor (Figure 7.47). High temperatures (∼ 2200K) and pressures (∼ 70 kPa) are
found at the exit of the combustor, where mixed H2 and O2 is present at equivalence ratios of
0.05-0.3. The decrease in rate of H2 consumption could be caused by the high temperatures
in the flow the scramjet. It should be noted that for a given pressure the chemical equilibrium
mass fraction of H2, in H2/Air mixtures increases with increasing temperature. The chemical
equilibrium mass fraction of H2 (calculated with NASA cea for an equivalence ratio 1) for
temperatures of 1400, to 2800 K at 0.5, 1.0 and 2.0 atm are given in Figure 7.48. At 1400K
the mass fraction is ∼ 0. At temperatures of 2800 K, the equilibirum mass fraction of H2
ranges from 10.5 - 17% of the stociometric value for an equivalence ratio of 1. Therefore, the
equilibrium mass fraction increases with increasing flow temperature. This indicates that the
rate of H2 consumption decreases with increasing temperature at high temperatures (> 2000K).
From this rudimentary analysis, it appears that the increase in temperature from combustion may
decrease the rate of H2 consumption at temperatures greater than 2000K. This is also shown
in the extended 2-D engine simulation (Figure 7.36), where 12% of the stoichiometric value of
H2 remains in the flow, where the STA temperature and pressure is approximately 120 kPa and
2750K and the fuel and air is 100% mixed. We see that the divergence of the H2 consumption
and H2 mixing is stronger in the 3-D engine, which can be explained by the higher temperature
rise in the 3-D engine. The STA temperature and pressure at the exit of the combustor in the
3-D engine is 2300 K, and 88 kPa. The maximum temperture in the shear layers at the exit of
the combustor is 2700K, as shown in Figure 7.13b. Further analysis of the data sets presented
here will provide further insights into the combustion process.
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Figure 7.45: Mixing and combustion efficiencies in the 2-D scramjet.
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Figure 7.46: Mixing and combustion efficiencies in the 3-D scramjet.
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Pressure Isolines
O2 Isolines
Figure 7.47: Temperature contours and pressure isolines (left) Local H2 contours and O2 isolines equi-
valence ratio (right) at the combustor exit of the 2-D engine.
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Figure 7.48: Equilibrium mass fraction of H2 for a range of temperatures and pressure found in
scramjets.
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7.12 Performance Analysis with a Nozzle
So far in this chapter, we have shown that thermal compression and the purposely-induced inlet
spanwise gradients, with inlet injection, combine to ignite the flow in the low-compression side
of the engine. We have also shown that the mixing and heat addition efficiency is higher in the
3-D engine relative to the 2-D uniform compression scramjet of the same inlet compression and
contraction ratio. While the purpose of this research is primarily to build insight into the TC
mechanism, it is worthwhile to consider the possible impact of this science on increasing the
performance of scramjet designs, and so in this section the issues of performance are explored
and analysed.
The expansion efficiency is dependent on the nozzle geometry and the flow nonuniformity
at the exit of the combustor. Unlike Section 7.7, where we calculated the uninstalled Isp po-
tential using Equation 7.6 by assuming an isentropic expansion with an area ratio of 8, here
we include a nozzle in the scramjet configurations which allows us to investigate the influence
that the spanwise flow nonuniformity has on the flow expansion in a nozzle. To keep consistent
with the work presented in this chapter, we evaluate the performance of the 3-D nonuniform-
compression by comparing it to the 2-D uniform-compression engines of the same contraction
ratio and approximately the same compression ratio. The 2-D and 3-D engine have identical
combustor and nozzle geometries, and therefore the only difference in each configuration is the
inlet geometry. This comparison allows us to determine if the potential performance gain cal-
culated previously in Section 7.7 using Equation 7.6 due to the increase in thermal efficiency
from the nonuniform-compression and TC coupling mechanism in the combustor is not offset
by potentially adverse effects from the spanwise nonuniformity in the nozzle expansion.
The scramjet performance is also evaluated at lower flight Mach number conditions to
provide insight into the practicality of using the nonuniform-compression approach over a range
of flight Mach numbers. It is possible that the nonuniform-compression and combustion coup-
ling behaviour could cause the engine to unstart more readily at lower flight Mach numbers. To
maintain consistency with the results presented in this thesis, the free stream dynamic pressure
is held constant (100 kPa). This is because access-to-space scramjet flight paths are typically
characterised by constant dynamic pressure trajectories. In this section we investigate the en-
gine at Mach 7 (24 km) , 8 (26 km), 10 (29 km, baseline condition) flight conditions. The
freestream conditions for each flight condition are summarised in Table 7.7. The freestream
temperature is held constant at 227 K (indicative of the altitude at which scramjets fly, which
does not vary significantly over this range, 218 K - 230 K at 26 and 35 km altitude respect-
ively). The freestream Mach number is increased by increasing the freestream velocity, which
increases the unit Reynolds number and total enthalpy. The dynamic pressure is held constant
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M∞ 7 8 10
q∞ [kPa] 100 100 100
p∞ [Pa] 3000 2300 1450
T∞ [K] 227 227 227
pt,∞ [MPa] 12 21 61
Altitude [km] 24 26 28
Re [e6m−1] 5.4 4.8 3.8
ht [MJ/kg] 2.20 2.88 4.5
pt [MPa] 1.42 1.25 1.0
Table 7.7: Free stream conditions
by increasing the freestream pressure with decreasing flow velocity. The wall temperature is
held constant (300K) in each simulation.
The engine is fuelled with an equivalence ratio of 1 at each flight condition. At lower
Mach numbers more fuel has to be injected into the engine. This is because for a constant
freestream capture area along a constant dynamic pressure trajectory, the mass flow rate is
inversely proportional to the freestream velocity as shown in Equation 7.16. As the freestream
velocity is increased with flight Mach number, the mass flow rate through the engine decreases.
The fuel mass flow rate is varied at each flight condition by changing the injector stagnation
pressure.
q∞ =
1
2
ρU2
∞
(7.14)
m˙ = ρ∞U∞Ac (7.15)
m˙ = 2
q∞
U∞
Ac
m˙ ∝
1
U∞
Ac (7.16)
As discussed previously, the losses in the nozzle associated with the flow nonuniformity at
the exit of the combustor must be accounted for to evaluate whether there are practical advant-
ages of using TC and inlet fuelling in scramjet engine design. A nominally 2-D planar nozzle,
shown in Figure 7.49, is used as the baseline nozzle geometry. The nozzle geometry is not based
on any particular design mass fraction incriteria, other than that it has to expand the flow without
causing flow separations. The purpose of this study is not to optimise the nozzle geometry for
the 2-D or 3-D configuration, rather investigate how the flow nonuniformity influences the ex-
pansion process in a nozzle. For the engine geometries and flight condition investigated in this
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Figure 7.49: Schematic of baseline nozzle geometry used to calculate the uninstalled Isp.
section, an expansion angle of 12 o did not lead to Prandtl-Meyer flow recirculations nor did
it produce any boundary layer separations. In this work we have not simulated, and therefore
excluded, the influence of the external flow path, which in a real flight scenario could cause
flow separations within the nozzle. This inlet geometry is considered sufficient for the purpose
of this study. A schematic of the 2-D nozzle geometry is given in Figure 7.23. Both the 2-D and
3-D engine have identical nozzle and combustor geometries, therefore only the inlets differ.
7.12.1 Results and Discussion
The Mach 10 2-D and 3-D results are given in Figures 7.52, 7.53. Details on the flow structures
and fluid dynamic combustion interactions for the Mach 10 results can be found in Section 7.5.
The 2-D and 3-DMach 8 condition simulations are given in Figures 7.50, 7.51. The 3-DMach 8
simulation (Figure 7.51) shows boundary layer recirculations at the low-compression and high-
compression side of the engine. These are caused by the high local pressure rise from spanwise
reflections. The flow circulation zone on the low-compression side extends upstream toward the
inlet. TheMach 7 simulations resulted in the engine unstarting from boundary layer separations,
that developed within the combustor and propagated upstream into the inlet which resulted in an
unstarted solution. The phenomena was observed for both the 2-D and 3-D engines. Therefore,
to use inlet fuelling at Mach numbers less than 8, the equivalence ratio must be reduced, or the
inlet needs to spill a portion of the flow. It was found that at the Mach 7 condition, the engine
remained started using equivalence ratios less than 0.6.
The pressure rise and combustion efficiency in the 2-D and 3-D configurations are given in
Figures 7.56 and 7.57. Note that in all simulations presented in this study, the low-compression
side wall is modelled as inviscid slip wall. This is done to eliminate the influence of side wall
on the solution when comparing the 2-D (that does not contain side walls) and 3-D engine. The
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Figure 7.50: Nominally 2-D 13 o flow path at Mach 8 flight condition, bottom wall flooded with pressure
coefficient and limiting streamlines, cross-stream slices flooded with combustion efficiency (left) and
temperature (right).
Bounday layer 
separation, high-compression
spanwise reflection
Bounday layer 
separation, low-compression
spanwise reflection
No Boundary layer separation in nozzle
Figure 7.51: 3-D flow path at Mach 8 flight condition, bottom wall flooded with pressure coefficient and
limiting streamlines, cross-stream slices flooded with combustion efficiency.
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Figure 7.52: Nominally 2-D 13 o flow path at Mach 10 flight condition, bottom wall flooded with pres-
sure coefficient and limiting streamlines, cross-stream slices flooded with combustion efficiency (left)
and temperature (right).
Bounday layer 
separation, high-compression
spanwise reflection
Low-compression
spanwise reflection
No Boundary layer separation in nozzle
Figure 7.53: 3-D flow path at Mach 10 flight condition, bottom wall flooded with pressure coefficient
and limiting streamlines, cross-stream slices flooded with combustion efficiency.
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M∞ 2-D Potential Isp 2-D Isp 3-D Potential Isp 3-D Isp
8 1000 878 1280 1046
10 270 125 410 221
Table 7.8: Potential Isp Vs Actual Isp at Mach 8 and 10.
pressure rise from combustion6 is 30% higher in the 3-D engine at both flight conditions. The
combustion efficiency is 12% and 9% higher in the 3-D engine at the Mach 8 and 10 condition
respectively.
The potential uninstalled Isp (0.1226 < x < 0.45) m and uninstalled Isp (0 < x < 0.86) m
throughout the 2-D and 3-D scramjet configuration at the Mach 8 and 10 flight conditions are
given in Figures 7.54 and 7.55. As discussed in the previous chapters, the 3-D geometry pro-
duces a higher potential Isp over the 2-D configuration at the Mach 10 flight condition. The
same trend is observed for the Mach 8 condition, where the 3-D engine produces a potential
Isp of 300 s more than the 2-D engine. The potential uninstalled Isp for the 3-D engine reaches
a maximum at 0.4m, indicating that the competing effects of combustor drag and additional
thrust from heat release as indicated by the zero rate of change of Isp. Also note that the differ-
ence in Isp between the 2-D and 3-D engine at Mach 8 is larger at 0.3m (500 s), compared to
the exit of the combustor at 0.45m (300 s). This is because the rate of heat release in the 3-D
engine after x = 0.3m is lower relative to the 2-D engine which affects the rate of potential
performance increase with streamwise distance. Overall, however, the 3-D engine has a higher
overall performance at the exit of the combustor (x = 0.45).
The uninstalled Isp with a nozzle of 12 o is 150 s (see Figure 7.54) and 96 s (see Figure
7.55) higher in the 3-D engine for the Mach 8 and 10 conditions (this represents an increase
in 8% in performance for each flight condition). Therefore the increase in thermal efficiency
in the combustor outweighs any expansion losses from the flow nonuniformity at both Mach
8 and 10 flight conditions. Note, the uninstalled Isp with a nozzle is naturally lower than the
uninstalled Isp potential. Here we have used a generic, nominally 2-D, nozzle geometry. In
practice, however, the 3-D engine may be designed with a 3-D nozzle that takes advantage of
the nonuniformity. For example, the expansion process could be initiated after the spanwise
reflection in the low-compression side. Such a concept is investigated in the following chapter.
As discussed previously, the Mach 7 flight condition resulted in an unstarted solution for
both the 2-D and 3-D engine. To investigate the physical unstart process in detail, an unsteady
time accurate simulation can be performed. The unstart process only occurs in the reacting
6This is calculated by taking the difference in pressure rise (22 and 10 kPa for Mach 8 and 10) and dividing by
pressure rise in 3-D engine (67 and 35 kPa for Mach 8 and 10).
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Figure 7.54: Isp throughout the 2-D and 3-D engine at Mach 8 flight condition.
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Figure 7.55: Isp throughout the 2-D and 3-D engine at Mach 10 flight condition.
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simulations, and therefore is due to the heat release within the combustor. The pressure rise
in the combustor can separate the boundary layer, which may travel upstream and into the
inlet, leading to engine unstart. The unstart process may also be caused by thermal choking.
Without further time accurate simulations the source cannot be isolated. Such simulations are
not performed in this thesis. The result shows, however, that the inlet fuelling method (for an
equivalence ratio of 1) is not suitable at Mach numbers of 7 and less.
7.12.2 Comments on Operability at Lower Mach Numbers
The engine operability at low Mach numbers can also be improved by changing the injection
site. For example, fuel injection can be moved from the inlet and into the combustor at Mach
numbers less than 8. A combination of inlet and combustor fuelling can be used to control the
heat release rates and therefore pressure rise. Doing this may reduce the performance gains of
TC; however, since an engine that uses TC at high Mach numbers has a smaller internal CR, the
amount of spillage required at low Mach numbers decreases. The lower spillage requirement
leads to better performance compared to an engine that does not use TC with a higher internal
CR [6]. The smaller internal CR also improves the starting behaviour of the engine. For ex-
ample, in the event the engine unstarts in flight, an engine with smaller internal CR should be
easier to restart. Therefore, even if the TC effect cannot be harnessed at low Mach numbers, the
engine operability and performance should increase.
To demonstrate the advantages of low inlet compression over a range of flight Mach numbers
a 2-D 18 o with a CR of 4.18 (this geometry corresponds to the high-compression profile of the
3-D engine) is simulated. At the Mach 10 flight conditions the potential uninstalled Isp of the
2-D 18 o is 450 s. The 3-D engine with a mean compression angle of 13 o (CR = 3.28) has an
potential uninstalled Isp of 410 s. Therefore, the uninstalled Isp potential of the 2-D 18 o is 40 s
higher. At the Mach 8 flight condition the 2-D 18 o compression engine unstarts, while the 3-D
engine, with a lower CR, does not unstart and produces a potential uninstalled Isp of 1240 s. The
unstart process in the 2-D 18 o is shown in Figure 7.58, where an unconverged and converged
solution is provided. The unconverged solution shows a pressure wave propagating upstream
into the inlet. The unstart process is not caused by the boundary-layer separation, as shown
by the limiting streamlines along the bottom wall, where no flow reversal is seen where the
flow reaches Mach 1 (x = 0.17m). The Mach number behind the pressure wave is subsonic.
This suggests the unstart process is from thermal choking. Note, however, that this is not a time
accurate simulation (local time stepping with CFL of 5.0) and therefore is not representative of a
real physical unstart process. This example demonstrates how the 3-D engine, with a lower CR,
has better operability at lower Mach numbers, while it maintains high performance at higher
Mach numbers by taking advantage of TC. At the same time, the 3-D engine outperforms the
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equivalent 2-D 13 o uniform compression engine at both flight conditions. Note that in these
performance calculations the overall engine ratio (freestream capture to nozzle expansion area)
is held constant.
7.13 Chapter Summary
This chapter has extended the premixed study to show that TC and 3-D flow features that en-
hance combustion in the nonuniform-compression engine persist with the added realism of inlet
fuel injection. The 3-D combustion processes are shown to become more complex compared
to those identified in Chapter 6 due to the additional shock structures introduced from the in-
jection method and associated mixing processes. Although these effects impart local changes
to the flow, they do not affect the global combustion behaviour. As in the premixed study, the
flow in the boundary layer ignites from within the shock-induced boundary-layer separation that
forms at the entrance to the combustor. The TC influence of coupling from combustion-induced
compression waves with the inlet-induced spanwise flow gradients enhances combustion. Rad-
icals that form upstream of the combustor within the free shear layer of the injector plume and
air enhance combustion. Suppressing the production of radicals in the inlet does not change the
global combustion behaviour. The findings demonstrate that the global 3-D combustion beha-
viour is not unique to this injection scheme. The technique is expected to be applicable to other
inlet fuelling injection schemes that deliver partially mixed fuel and air to the combustor.
The uninstalled Isp potential of the 3-D engine was shown to improve compared to a nom-
inally two-dimensional engine of the same inlet contraction and approximately the same com-
pression ratio. Furthermore, including a nozzle within each scramjet configuration showed that
the uninstalled Isp of the 3-D engine remained higher relative to the 2-D engine. This shows
that that the improvement in combustion in the 3-D engine from the spanwise gradients and TC
effect can be extracted as useful thrust with a nozzle. The 3-D generic engine also outperformed
the 2-D at a Mach 8 flight condition.
A rudimentary heat addition analysis has shown that the 3-D engine has a more efficient
heat addition process compared to the “best case scenario” 2-D configuration. This shows that
the TC effect increases the overall amount of heat release and the efficiency of heat addition to
the supersonic stream. The flow structures generated from the flow nonuniformity also enhance
the mixing in the 3-D engine, owing to the accelerated mixing in localised high pressure, and
low Mach number regions. The TC affect is also shown to increase mixing within the low-
compression side. These analyses provide insight into how spanwise nonuniformity and inlet
fuelling can be used to improve scramjet performance for a given amount of inlet compression.
A more detailed 3-D flow physics analysis using the datasets that contribute to this work would
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Unstart process
(a) Pressure coefficient contours at symmetry plane in z = 0. The top unconverged, bottom converged unstarted
solution.
Unstart process
(b) Mach Number contours, at symmetry plane in z = 0. The top unconverged, bottom converged unstarted
solution.
Choked flow
No boundary layer separation
(c) Symmetry plane flooded with Mach number contours, bottom wall
shows limiting streamline topology.
Figure 7.58: 2-D 18 o compression scramjet with a CR of 4.18 at Mach 8. The unstart process is show
by the increase in pressure at the x = 0.16m. This pressure wave propagates upstream and into the
inlet.
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yield significant further insight to the affects TC has on engine performance in regards to the
enhancement of the mixing and heat addition.
In the final part of this chapter we also demonstrated, through simulation of a 2-D 18o
scramjet, the benefits of using 3-D engine design for robust performance over a range of Mach
numbers while maintaining operability. The 3-D TC-engine with a low CR (3.28) has approx-
imately the same performance as a 2-D scramjet with a higher inlet CR (4.18) at Mach 10.
At Mach 8, the 2-D high CR engine unstarts from thermal choking, whereas the 3-D engine
remains started and produces 1210 s of uninstalled Isp potential.
Chapter 8
Swept Nozzle Investigation
In the Chapters 5 and 6, we methodically investigated TC by studying the combustion physics
in generic 2-D and 3-D premixed scramjets. In both studies, TC was shown to improve com-
bustion. In the preceding chapter we investigated how the combustion processes are affected
with the added complexity of an injection method, chosen to replicate a premixed inflow. The
coupling of TC and spanwise flow gradients improved combustion in the 3-D engine relative
to the 2-D engine of the same mean CR and approximately the same inlet compression ratio.
The inclusion of a generic nozzle in the configurations also showed that the improvement in
combustion, and pressure rise, translated into an improvement in overall performance of the
3-D engine relative to the 2-D engine.
As detailed in the previous chapter, the inlet fuelled 2-D and 3-D engine unstart at flight
Mach numbers less than 7 (with a free stream dynamic pressure of 100 kPa). This result suggests
that the use of inlet fuelling (with an equivalence ratio of 1 in the inlet) is not suitable for Mach
number less than Mach 7. The unstart phenomena (see Figure 7.58) was caused by heat release
and the associated pressure rise in the combustor. Although the engine configurations presented
in this thesis are generic, this unstart process is not unique to these configurations. For example,
a study conducted on an inlet fuelled REST engine at Mach 8 in [32] found the engine unstarted
at equivalence ratios greater than 0.92 at Mach 8.1. As observed in this study, the unstart
process initiated in the combustor and travelled upstream into the inlet. The engine contraction
ratio (area ratio) used in that study was 5.1, which is higher than the 3-D geometry used in this
study (3.28). The engine was designed to operate without spillage at Mach number greater than
6.2.
In this chapter, we investigate an idea of incorporating a 3-D swept nozzle in the 3-D
nonuniform-compression scramjet. Such a design feature may be useful to improve the engine
operability over a range of Mach numbers, and to reduce the pressure loads and heat transfer to
the combustor walls. Before continuing, some detail about the design of a scramjet that operates
over a range of flight Mach numbers is discussed to provide reasoning for the use of a swept
212 Chapter 8 Swept Nozzle Investigation
nozzle design. At low flight Mach numbers, the combustor geometry should be diverging to
alleviate the pressure rise from combustion which can lead to boundary layer separation that
may travel upstream into the inlet and cause engine unstart. A diverging combustor can also
prevent thermal choking. Although the thermodynamic cycle efficiency of a diverging combus-
tor is lower than a constant-area combustor, the divergence allows more heat to be added to the
flow, for a given set of throat properties, before thermally choking (see discussion in Section
2.2). Therefore the thermal efficiency of the engine is higher, which naturally leads to better
performance. The temperatures and pressures in a diverging combustor are also lower relative
to a constant-area combustor.
At high flight Mach numbers, where the flow experiences shorter flow residence times in
the combustor, the combustor geometry should be constant-area. A constant-area combustor
maintains higher combustion temperatures and pressures, and therefore a more efficient heat
addition process. In addition, a constant-area combustor allows the benefits of TC to be used
in the engine design. The flow is less likely to thermally choke, as the Mach number delivered
to the combustor is higher. Furthermore, the heat release rates, which are dependent on the
temperature and pressure within the combustor, are accelerated with a constant-area combustor.
This is beneficial at high Mach numbers, as the rate of heat release needs to be higher for a
given combustor length. The heat addition process in a constant-area combustor reduces the
mean Mach number in the combustor faster than a combustor with divergence. The lower mean
Mach number may also enhance the mixing processes of the air and fuel [95].1
For this discussion we have made the argument that a scramjet should contain a combustor
with divergence at low Mach number, and be constant-area at high Mach number. To satisfy
these constraints a scramjet engine needs variable geometry. However, in practice a fixed geo-
metry scramjet is highly desirable to reduce system complexity. One method to achieve the
diverging combustor behaviour at low Mach number and constant-area behaviour at high Mach
number is to employ a swept nozzle within the scramjet design. Consider the characteristic lines
for a fluid element in a supersonic flow, as shown in Figure 8.1. At low flight Mach numbers,
the Mach number is close to unity at the exit of the combustor. At Mach 1, the character-
istic lines are 90 o, µ = sin−1(1/M) ≈ 90 o. A disturbance in the flow, such as pressure rise
from combustion, or expansion waves generated from a swept nozzle geometry, can be com-
municated throughout the width of the combustor at an angle of 90 o. An expansion within the
low-compression side can therefore lower the pressure and temperature (and increase the Mach
number) of the flow in the high-compression side, even though there is no local geometric di-
vergence in the combustor geometry.
1It should be noted that the heat addition in a constant-area duct can decrease the rate of mixing, see [37].
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Figure 8.1: Schematic of the characteristic lines for a fluid element within a supersonic flow.
For a given inlet geometry, an increase in flight Mach number increases the Mach number
delivered to the combustor. An increase in Mach number decreases the characteristic angle of
the flow. This means it takes a longer combustor length for information to be communicated in
the spanwise direction. A local Mach number of 2.0, for example, gives a Mach angle of 40 o.
A disturbance in the flow, such as pressure rise from combustion, or expansion waves generated
from a swept nozzle surface, is communicated at an angle of 40 o in the spanwise direction2.
The flow in the spanwise direction at an angle less than this value, shown by the darker region in
Figure 8.1, is not influenced by the flow disturbance. This flow feature can be used as another
degree of freedom in the nozzle design of fixed geometry scramjets. At low Mach numbers
the swept angle can be used to affect the spanwise gradients in the combustor (alleviate the
flow to prevent thermal choking or pressure rise from combustion). At high Mach numbers, the
swept angle cannot affect the spanwise gradients in the combustor (maintain TC/spanwise flow
structure coupling effects for performance enhancement). Alternative fuelling methods at low
Mach numbers within the combustor may also take advantage of the swept diverging nozzle
geometry. The constant-area portion of the combustor may also act as an isolator, to allow both
supersonic and subsonic combustion to take place at low Mach numbers. An investigation into
different fuelling methods at lowMach number is not included in this work. Instead we focus on
gaining insight into how a swept nozzle can be used to control the flow in the combustor without
the need for variable geometry. Such knowledge is useful in the design of fixed-geometry
scramjet engines.
To evaluate the concept of using a swept nozzle, two configurations are considered in this
work: a “low” 45 o (Figure 8.2a) and “high” 60 o (Figure 8.2b)swept geometry given schem-
atically in Figure 8.3. The swept angle is introduced at the exit of the combustor at the high-
compression side, to the low-compression side. As in the preceding chapter, the ER of 8 is
used in both configurations and the overall scramjet length (Ls) is held constant. With these
two geometric constraints, the swept nozzle streamwise expansion angle varies in the spanwise
direction, starting at 12 o at the high-compression side, and finishing at an angle less than 12 o
2Discussion on this for premixed flow can be found in Section 6.5
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at the low-compression side. The expansion angle in the low-compression side is dependent on
the swept angle of the combustor.
In addition to potentially providing a means to control the combustion process in the engine
without the need for variable combustor geometry, the swept nozzle also reduces the surface
area of the combustor and therefore we expect lower drag, pressure loads and heat transfer
loads on the combustor walls. Reducing the combustor size, however, also reduces the thermal
efficiency as there may be less heat release, and the heat release that occurs will have higher
Rayleigh losses (occurs at a higher local Mach number). A reduction in the combustor surface
also reduces drag, which is beneficial for performance. We are interested in determining how
the combined effect of the reduced drag and reduced thermal efficiency affect the overall en-
gine performance relative to the baseline configuration. These concerns are investigated in the
following sections through direct simulation of the 45 and 60 o swept nozzle configurations at
the Mach 8 and 10 flight condition and comparing the results to the baseline configuration.
8.1 Results and Discussion
The Mach 8 simulations for the 45 o and 60 o swept configuration are given in Figure 8.4. The
bottom wall is flooded by the constant pressure coefficient and limiting streamlines. The cross-
stream slices are flooded with the combustion efficiency. A comparison of the swept config-
urations and baseline configurations using the pressure coefficient along the bottom wall and
limiting streamline topology is given in Figure 8.5. The drop in pressure within the high-
compression side (relative to the baseline simulation) downstream of the start of the swept
nozzle shows that the expansion waves generated by the nozzle surface in the low-compression
side are propagated into the high-compression side. The swept nozzle has no affect on the com-
bustion process upstream of the start of the swept nozzle (x = 0.3m for 60 o and x = 0.35m for
the 45 o configuration) indicated by the unchanged limiting streamline topology (and therefore
flow structure coupling phenomena in the region). The flow can only be affected upstream of
the nozzle if subsonic conditions were to occur, such as an extended region of separated flow.
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(a) 45 o swept nozzle
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Figure 8.2: 3-D swept engine geometries.
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Figure 8.3: Schematic of swept nozzle geometry.
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(a) 45 o swept nozzle
(b) 60 o swept nozzle
Figure 8.4: 3-D swept engines at Mach 8 flight condition, walls and high-compression side flooded with
pressure coefficient, cross-stream slices flooded with combustion efficiency.
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The Mach 10 simulations, presented with an identical layout to the Mach 8 results, are given
in Figure 8.6. Figure 8.7 compares the pressure coefficient and limiting streamline topology
along the bottom wall to the baseline simulation. In the 45 o configuration (Figure 8.7a) the
spanwise flow reflection from the side wall (which plays an important role in the 3-D mixing
and combustion processes) is unaffected by the swept nozzle. The flow is expanded after the
spanwise reflection shock wave in the nozzle at an earlier streamwise location than the baseline
(unswept) configuration. One the other hand, the 60 o configuration (Figure 8.7b) shows the
pressure in the high-compression side is lower relative to the baseline configuration after the
nozzle expansion in the low compression side. This shows that the expansion waves, generated
by the nozzle, are communicated into the high-compression side before the nozzle expansion
surface (as in the Mach 8 results). This is also shown by the change in the limiting streamline
topology and weaker spanwise reflection (see Figure 8.7b).
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(a) 45 o swept nozzle
(b) 60 o swept nozzle
Figure 8.6: 3-D swept engines at Mach 10 flight condition, walls and high-compression side flooded
with pressure coefficient, cross-stream slices flooded with combustion efficiency
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In the 60 o configuration, the expansion waves generated from the nozzle surface influence
the flow in the spanwise direction before the nozzle surface. This is because the swept angle
of 60 o is greater than the local Mach angle, µ. This spanwise influence is shown in detail in
Figure 8.8 which compares the pressure coefficient and Mach number distribution throughout
the combustor for the 45 o (Figure 8.6a) and 60 o (Figure 8.6b) swept configurations. The up-
per part of each slice shows the baseline (unswept) configuration, while the lower part shows
the swept combustor solution. The 45 o configuration shows the pressure coefficient and Mach
number distribution is unchanged at spanwise (z) values less than the geometric nozzle expan-
sion relative to the baseline configuration. This shows that the expansion waves generated from
the swept nozzle are not communicated in the streamwise direction (in agreement with the pre-
viously discussed results (Figure 8.7)). On the other hand, the 60 o case shown in Figure 8.9
shows that the pressure and Mach number distribution is affected at spanwise values less than
the geometric nozzle expansion relative to the baseline solution. For example, the spanwise
reflection shock shown in the slice taken at x = 0.35m has lower pressures after the shock
wave relative to the baseline solution. Furthermore the spanwise reflected shock is closer to
the low-compression side of the engine, which indicates the spanwise reflection angle is lower
relative to the baseline case. This is because the pressure waves generated from combustion are
canceled by the expansion waves. This causes the spanwise shock wave to be weakened. The
flow is also accelerated by the expansion waves generated by the nozzle and the temperature
decreases, which increases the local Mach number. The increased Mach number decreases the
Mach angle at which pressure rise from combustion can be communicated into the spanwise
direction. This effect reduces the spanwise reflection angle relative to the baseline simulation.
It is useful to measure how far upstream the expansion waves generated from the swept
nozzle influence the flow. This provides information on how effective the swept nozzle is at
alleviating flow. This is determined by taking the pressure distribution data along the combus-
tor and comparing the data to the baseline configuration. The streamwise location at which the
pressure data from the swept combustor deviates from the baseline data shows where the expan-
sion waves influence the flow. This is shown schematically in Figure 8.10. The pressure data is
extracted from the bottom wall in each configuration at each flight condition at the streamwise
location z = 0.025m and 0.075m.
The Mach 8 flight condition pressure data is given in Fig 8.11. The black vertical lines
represent the start of the nozzle surface. For the swept geometries, the nozzle surface is fur-
ther upstream compared to the baseline configuration. In the 60 o configuration, the pressure
distribution along the combustor at z = 0.025m deviates from the baseline pressure distribu-
tion at x = 0.33m, which is 0.06m (18% of combustor) upstream from the nozzle expansion
surface (x = 0.39m). In the data extracted at z = 0.075m, the upstream influence for the 60 o
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x = 0.39
x = 0.35
x = 0.43
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Spanwise reflection
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Spanwise reflection-induced boundary layer separation
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Figure 8.8: Slices extracted from the 45 o configuration at Mach 10 flight condition. Note there is no
spanwise communication from the nozzle surface.
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x = 0.35 m
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Figure 8.9: Slices extracted from the 60 o configuration at Mach 10 flight condition. Note there is
spanwise communication from swept nozzle.
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Data extracted at 25% and 75 % spanwise of combustor 
Characteristic lines
Swept nozzle surface
Baseline nozzleUpstream influence
Streamwise nozzle expansion surfaceStart of spanwise nozzle expansion influence
Figure 8.10: Schematic of the flow characteristic lines from the nozzle expansion surface.
case is 0.31m, which is 0.02m (6% of combustor) upstream of the nozzle expansion surface
(x = 0.32m). The upstream influence, relative to the nozzle expansion surface, becomes larger
with spanwise distance from the start of the swept nozzle. The effective pressure alleviation
location is at approximately 0.33m for each configuration. The 45 o results show a similar trend
for the Mach 8 results. The upstream influence at z = 0.025m and z = 0.075m is 0.04m (12%
of combustor) and 0.02m (6% of combustor).
The Mach 10 results (Figure 8.11) show the expansion waves generated from the swept
nozzle influence the flow in the high-compression side in only the 60 o configuration. The
upstream influence from the nozzle expansion surface is 0.035 (10% of combustor) m at z =
0.025m and 0.02m (6% of combustor) at z = 0.075m. On the other hand the 45 o results show
a relatively small spanwise influence of 0.005m at z = 0.025m data and no spanwise influence
in the z = 0.075m data. The flow is expanded after the nozzle expansion surface as shown in
Figure 8.11.
These results provide insight into how a swept nozzle can be used to alleviate the flow at
lower Mach numbers and retain the spanwise gradient TC coupling mechanism at higher flight
Mach numbers. Such passive control of the flow may be useful in improving the operability of
the engine over a range of Mach numbers. In the following section, we investigate how a swept
nozzle impacts the performance of the scramjet and heating and pressure loads to the scramjet
walls.
Another flow feature that is present in the swept nozzle simulations is a 3-D boundary layer
seperation within the nozzle. The Mach 8 limiting streamlines in Figure 8.5 show that the swept
nozzle generates pressure gradients that cause a 3-D boundary layer separation to form. The
3-D boundary layer is larger in the 60 o engine. The Mach 10 results in Figure 8.7 show there is
no boundary-layer separation in the nozzle.
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Figure 8.11: Mach 8 flight condition. Pressure data extracted from z = 0.025m and z = 0.075m side
of the engine.
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Figure 8.12: Mach 10 flight condition. Pressure data extracted from z = 0.025m and z = 0.075m side
of the engine.
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8.2 Performance, Pressure and Heat Transfer of Swept Com-
bustors
So far we have shown that the swept nozzle is useful in providing spanwise flow alleviation
which may be useful in improving the operability of the scramjet at low Mach numbers. We
must also investigate the effect the swept nozzle has on the performance of the engine, pressure
loads and heat transfer loads in the combustor. If the benefits of the swept angle reduce the per-
formance of the scramjet significantly then the concept may not be useful in practical scramjet
design. As in Chapter 7 we evaluate the performance of the scramjet using the uninstalled
specific impulse.
Figure 8.13 shows the total heat transfer for the Mach 8 flight condition is reduced by 15%
and 21% for 45 o and 60 o configuration respectively. The Mach 10 condition see a reduction in
heat transfer of 15% and 30% for the for 45 o and 60 o configuration respectively. These results
highlight that scramjets that use a swept combustor require less cooling in their walls. Note that
the wall boundary condition of 300 K is not representative of a realistic scramjet in flight. The
wall temperature would be higher in a realistic scramjet at this flight condition, which lowers
the heat transfer rates to the wall.
Furthermore the mean pressure loads, and therefore structural loads, within the combustor
should also be reduced through the use of a swept combustor. A comparison of the stream thrust
averaged pressure ratio at the Mach 8 and 10 flight condition for each configuration is given in
Figure 8.14. As expected, the pressure rise in the baseline engine is the highest, followed by the
45 o and 60 o swept configurations at both flight conditions. At Mach 8, the pressure is reduced
by 11% and 22% for the 45 o and 60 o configurations respectively. At Mach 10, the pressure is
reduced by 11% and 25% for the 45 o and 60 o configurations.
The combustion efficiency throughout the engine for each configuration at Mach 8 and 10 is
given in Figure 8.15. The combustion efficiency in the 45o and baseline configuration is approx-
imately the same for both flight conditions at the exit of the nozzle. The 60 o configuration has a
combustion efficiency of approximately 2% and 5% lower at Mach 8 and 10 respectively. This
shows that flow physics introduced from the 60 o swept angle lowers the combustion efficiency.
The combustion efficiency in the 45 o swept nozzle does not change significantly relative to the
baseline configuration.
The uninstalled Isp is given in Fig 8.16. The result shows that the performance of the engine
is not affected by the swept nozzle 45o at both flight conditions. However, the performance
of the 60 o swept configuration (see Figure 8.16), decreases relative to the 45 o and baseline
configuration. The 45 o simulation (Figure 8.7a) demonstrates how a swept nozzle design can
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Figure 8.13: Total integrated heat transfer rates in 2-D, 3-D baseline, 45 o and 60 o swept nozzle, reacting
flow.
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be used to harness the flow nonuniformity to reduce the structural loads and heat transfer loads
in the scramjet, without significantly affecting performance. The results also offer insight into
how the combustor and nozzle geometries can be “tuned” to the flow nonuniformity using a
swept combustor as a means to control the flow behaviour over a range of flight Mach numbers.
8.3 Chapter Summary
In this chapter, we investigated the concept of incorporating a swept nozzle geometry into
the 3-D engine to take advantage of the flow nonuniformity. The 45 o configuration success-
fully demonstrates how the swept nozzle can reduce structural loads to the combustor and heat
transfer to the combustor and nozzle surfaces while maintaining the same performance as the
baseline configuration. The results offer significant new insight into how a swept combustor
may be incorporated into a scramjet flow path to offer an extra degree of freedom to control
the combustion process in a fixed-geometry scramjet to improve operability The work provides
further insight into how nonuniform-compression scramjet flow paths can be designed to take
advantage of the inherent 3-D flow behavior of the supersonic flow, rather than simple uniform-
compression design approaches typically employed in scramjet design.
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Chapter 9
Conclusions
This work began with inspiration of Thermal Compression (TC), first proposed by Ferri [2] to
improve fixed-geometry scramjet performance over a range of flight Mach numbers. The work
presented in this thesis provides new insight into TC at high flight Mach numbers. Thermal
compression was investigated by systematically building up the complexity of the flow physics
in each chapter beginning with a 1-D analysis, and progressing into premixed 2-D and 3-D and
an injection CFD study. In each chapter we extracted building blocks of physical insight and
understanding that all contributed to understanding each new layer of complexity. The approach
has allowed a rigorous contribution to the knowledge to be constructed. The use of CFD in the
analysis allowed the flow field to be probed in high detail to provide new significant insights into
thermal compression, and supersonic combustion more generally. It is intended that these new
insights be used in future scramjet designs to provide a greater degree of freedom to improve
performance for low inlet-compression scramjets. A brief summary of each chapter with major
findings is given here:
In Chapter 2, we introduced the concept of TC in scramjet design. The discussion on heat-
addition from a zero-dimensional perspective provided the fundamental link between thermal
efficiency, heat release and heat release efficiency. The lower the local Mach number for heat re-
lease, the more efficient the heat addition process, leading to higher overall engine performance.
We also highlighted that to have good engine operability of over a range of Mach numbers, the
inlet contraction ratio should be small enough to allow good operability and performance at
low Mach numbers. On the other hand, the internal contraction ratio at high Mach numbers
should be high to ensure that the engine has a high engine efficiency to maximise its thrust po-
tential. Extending the idea of combustion in locally low Mach numbers and multi-dimensional
flow leads to the concept of TC, as proposed by Ferri. The use of TC at high Mach numbers,
allows an engine with low inlet compression to have good performance at high Mach numbers
(as the heat addition takes place in regions of locally low Mach number) and maintains good
operability at low Mach numbers, as the inlet contraction ratio is low.
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In Chapter 5, a fundamental 2-D premixed investigation was performed to provide additional
insight into how SBLI influence the ignition processes in scramjets. The study highlighted the
sensitivity of the ignition characteristics of 2-D scramjets to local flow properties at SBLI, rather
than the mean inlet throat properties. The performance of the scramjet increased with increasing
inlet pressure ratio. Thermal compression, generated from heat release in constant-area duct,
was also show to enhance combustion and overall scramjet performance.
With the insights gained from the earlier Chapters 3 and 5, in Chapter 6 a 3-D inlet-
combustor configuration was designed with an inlet that generates spanwise nonuniform com-
pression. The side profile of the 3-D engine has a 2-D contraction ratio sufficient for ignition
called the high-compression side, while the other side of the engine has an inlet contraction ra-
tio insufficient for ignition (called the low-compression side). Three-dimensional flow features
and TC were shown to ignite the flow in the low-compression side. The combustion processes
that enabled the flow to be ignited within the low-compression side of the engine were isolated
from the flow field. Ignition is provided by a 3-D shock-induced boundary-layer separation
that ignites the flow within the boundary layer of the combustor owing to the high temperatures
(≈ 1600K) at the reattachment region of the boundary layer to the bottom wall. Further more
the boundary layer separation transports radicals from the high to low-compression side of the
engine. The TC effect was isolated from the flow field and was shown to enhance combustion
in the low-compression side. An increase in the degree of spanwise nonuniformity was found
to significantly alter the combustion processes. The flow ignited in the low-compression side,
unlike the baseline configuration, and contained a higher number of spanwise flow reflections.
This behaviour, however, decreases the performance of the engine, and also indicates that the
TC effect would be harder to control in a practical scramjet.
In Chapter 7 the premixed study was extended upon with the addition of an inlet injection
method. The combustion processes were compared to those identified in the premixed study
and found to globally remain unchanged. The inlet fuelling method introduces additional shock
structures which change the shape of the shock-induced boundary layer separations. The sep-
arations become corrugated which increases the flow residence time in them and causes more
radicals to form. Higher levels of heat release are achieved in the high-compression side coupled
with the spanwise flow gradients and enhance combustion in the low-compression side (as in
the premixed study). The combustion in the 3-D engine improves relative to a 2-D engine of
the same inlet compression and contraction ratio. A performance comparison between the 2-D
and 3-D with a nozzle showed that the combustion enhancement results in an overall perform-
ance increase of approximately 8%. This result shows that the losses associated with the flow
nonuniformity are offset from the benefits of the 3-D nonuniform-compression combustion ef-
fects.
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Chapter 8 investigated a swept nozzle concept that could be used within the 3-D nonuniform-
compression engine to decrease the combustor surface area and offer a means to control the
combustion in the engine without variable geometry. The results show that the heat and pres-
sure loads on the combustor are reduced with no adverse effect to the engine performance.
In each study, TC effects were isolated and shown to significantly enhance combustion.
The in-depth analysis of the combustion physics provide new significant insights into the TC
concept and forms a basis for future work to determine the applicability of TC to less generic
scramjet flow paths. Many innovative CFD techniques were introduced in the process of char-
acterising the combustion processes within the 3-D engine. These include the use of reaction
suppression regions to isolate the influence of combustion within certain regions of interest to
the mean flow field. This technique was used to great effect to remove the influence of radicals
being produced in SBLI separations, and to evaluate their influence on combustion at down-
stream locations. Furthermore, the use of inert hydrogen injection, was also used to great effect
in the inlet fuelling studies to remove the influence of combustion within the high- and low-
compression sides of the engine, while maintaining the flow structures produced from fuel in-
jection. The latter technique has been successfully applied in isolating TC in follow-on work
in a generic 3-D nonuniform-compression flow path currently being tested in the University
of Queensland T4 shock tunnel. Such techniques are useful in characterising the combustion
behaviour of any scramjet flow path.
Many new and innovative design methodologies were also presented in this work, including
the design a 3-D nonuniform-compression scramjet by using a high and low-compression profile
in the engine. Another contribution is the 3-D nozzle design that takes advantage of the flow
characteristics lines to control the flow in the spanwise direction.
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9.1 Future Work
Recommendations for future work include:
Experimental Validation
Due to the inherent modelling limitations employed in this work, experimental validation of the
combustion behaviour in the 3-D engine should be conducted. Such work is currently underway
at the University of Queensland Centre for Hypersonics.
Vehicle-Inlet Integration
Given the generic nature of the nonuniform-compression geometry used in this work, further
research needs to be undertaken to determine how nonuniform-inflow can be generated in prac-
tical scramjet configurations. Such a design approach may be advantageous from an engineer-
ing perspective given that typically scramjet engines that have good vehicle integration produce
nonuniform-compression. For example, a swept leading edge with a swept combustor will gen-
erate nonuniform-compression. Therefore, the emphasis should be put on how to take advantage
of existing flow nonuniformities generated in scramjet design.
Engine Optimisation
Vehicle optimisation studies can also be conducted on the baseline geometry to gain more in-
sight into ideal flow spanwise nonuniformity. Optimisation should focus on engine operability
and performance over a range of Mach numbers and not one flight condition. Engine unstart
between the 2-D and 3-D engine should also be investigated to determine if there are advantages
or disadvantages in having uniform or nonuniform-compression. For example, the coupling of
heat release and spanwise gradients may cause the nonuniform-compression engine to unstart
at lower Mach numbers due to localised pressure rise. Conversely the 3-D effect may relieve the
combustion pressure rise more readily than a uniform-compression engine. The performance
of an optimised nonuniform-compression engine can also be compared to optimised uniform-
compression geometries over a range of Mach numbers.
Fuelling Methods
Given that the 2-D and 3-D engines unstarted at flight Mach number less than 8, other fuelling
methods should be explored. For example the fuelling sites may be moved downstream into
the combustor at low Mach numbers. The swept nozzle surface may also be integrated into
the fuelling system to provide better operability at lower flight Mach numbers, as detailed in
Chapter 7.12.2.
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Appendix A
Compressible Reynolds-Averaged
Navier-Stokes for Reacting Flows
The RANS equations for compressible flows are presented here to highlight the assumptions
that are used to solve the equations. The derivation of the Navier-Stokes equations can be
found in many texts, and therefore is not repeated here. The derivation of the RANS equations
starts with decomposing each instantaneous quantity, φi, into its time-averaged, φ¯(x), and a
fluctuating quantity φ
′
(x, t):
φ = φ¯(x) + φ
′
(x, t) (A.1)
where x is a position, in 3-D, (x, y, z). The Reynolds averaging process involves substituting
the various decomposed quantities in the Navier stokes equations. By taking the time average
of the instantaneous part of the, φ
′
, we see that it must be zero, by definition. However, if we
take the product of two instantaneous quantities, we see that they are not zero, unless they are
perfectly correlated. The nonlinear nature of the Navier-Stokes equations means that the final
result contains correlations between the various quantities. The relationship between these cor-
relations leads to a new set of unknowns which must be solved to close the system of equations.
This is the closure problem.
φψ = (φ¯+ ψ
′
)(ψ¯ + ψ
′
) = φ¯ψ¯ +✚
✚❃
0
ψ¯φ
′
+✚
✚❃
0
φ¯ψ
′
+ φ
′
ψ
′
(A.2)
For compressible flow, the density, ρ, is not constant. Therefore, the Reynolds-Averaging
method results in many correlations between the density and other quantities. To simply the
equations, a density-weighted, or Favre-average is used for decomposition. (for more details
see [82]. pg. 243). The mass-weighted average quantity is given by φ˜, while the fluctuating
mass-averaged quantity is given by φ
′′
.
φ = φ˜+ φ
′′
(A.3)
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φ =
ρφ
ρ¯
(A.4)
The Compressible Reynolds-Favre Averaged Navier-Stokes conservation for mass, mo-
mentum and energy equations are written as:
∂
∂t
(ρ¯c˜su˜i) =
∂
∂xi
(ρ¯Ds
∂
∂xi
c˜s + ρu
′′
i c
′′
s ) + ˙¯ω (A.5)
∂ρ
∂t
+
∂
∂xj
(ρ¯u˜j) = 0 (A.6)
ρ¯u˜i
∂t
+
∂
∂xj
(ρ¯u˜ju˜i) =
∂p¯
∂xi
+
∂
∂xj
(τ˜ij + ρu
′′
i u
′′
i ) (A.7)
∂E˜
∂t
+
∂u˜jH˜
∂xj
=
∂
∂xj
u˜i(τij + ρu
′′
i u
′′
j ) +
∂
∂xj
[
q¯j + ρu′′jh′′ − τiju
′′
i −
1
2
ρu
′′
i u
′′
i u
′′
j
]
(A.8)
Where ui is the velocity vector, Ds is the transport coefficient for laminar diffusion calcu-
lated through Fick’s Law, cs is the species s mass fraction, ˙¯w is the rate of species production
and is calculated through the reaction mechanism (Jachimowski [35]), τij is the laminar shear
stress tensor, h is the static enthalpy, q¯j is the laminar heat conduction and convection from mass
transport Ds. Note, each species s generates a new mass conservation equation.
The mixture internal energy, e˜, enthalpy, h˜, are calculated from:
e˜ =
i=1∑
ns
ρ¯cicviT˜ (A.9)
h˜ =
i=1∑
ns
ρ¯cicpiT˜ (A.10)
and the total energy and enthalpy from:
E˜ = ρ¯
(
e˜+
u˜iu˜i
2
)
+
ρu
′′
i u
′′
i
2
(A.11)
H˜ = ρ¯
(
h˜+
u˜iu˜i
2
)
+ u˜j
ρ u
′′
i u
′′
i
2
(A.12)
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The term ρu
′′
i u
′′
i
2
is the turbulent kinetic energy, k. The term, ρu′′i u
′′
j is known as the Reynolds
stress, τTURBij , and is modelled using the Boissenesq assumption:
τTURBij = µT (
∂u˜j
∂xj
+
∂u˜j
∂xi
−
2
3
∂u˜k
∂xk
δi,j) (A.13)
where µT is the turbulent viscosity (eddy viscosity). The turbulent viscosity appears in all
equations, both implicitly and explicitly. The eddy viscosity is used to calculate the turbulent
transport properties. For example, the term ρu′′jh
′′
j represents the turbulent heat conduction,
q˜TURBj and is modelled using the turbulent Prandlt number, PrT . In this work the laminar to
turbulent Prandlt ratio is held constant at 0.8.
q˜TURBj =
µT cp
PrT
∂T˜
∂xj
+
s=1∑
ns
(hsD
TURB
is ) (A.14)
The second term on the right hand side of equation A.14 represents the turbulent mass
diffusion, DTURBis , and is accounted for through the Turbulent Schmidt number, ScT , which is
typically of the magnitude of 1 for air:
DTURBis = −
µT
ScT
∂c˜s
∂xi
(A.15)
The final terms in the energy equation−τiju
′′
i −
1
2
ρu
′′
i u
′′
i u
′′
j represent the molecular diffusion
and turbulent transport. These values are typically modelled using:
τiju
′′
i −
1
2
ρu
′′
i u
′′
i u
′′
j =
(
µ+
µT
σk
)
∂k
dt
(A.16)
A more fundamental discussion on these modelling terms can be found in [82]. The last un-
known that must be solved is the eddy viscosity, which requires the use of a turbulence model.
In this work we use the SST turbulence model. Details on its implementation is given in ap-
pendix B.
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Appendix B
Shear-Stress Transport Turbulence Model
Turbulent eddy viscosity:
µT =
a1k
max(a1ω, SF2)
(B.1)
Turbulence kinetic energy production:
∂k
∂t
+ Uj
∂k
∂xj
= Pk − β
∗kω +
∂
∂xj
[
(µ+ σkµT )
∂k
∂xj
]
(B.2)
Note the laminar viscosity for the mixture is calculated using Wilke’s mixing law. Specific
dissipation rate is computed using:
∂ω
∂t
+ Uj
∂ω
∂xj
= αS2 − βω2 +
∂
∂xj
[
(µ+ σωµT )
∂ω
∂xj
+ 2(1− F1)σω2
1
ω
∂k
∂xi
∂ω
∂xi
]
(B.3)
The closure coefficients and auxilary relations are taken from [50]:
F2 = tanh
[[
max
(
2k0.5
β∗ωy
,
500µ
y2ω
)]2]
(B.4)
Pk = min
(
τij
∂Ui
∂xj
, 10β∗kω
)
(B.5)
F1 = tanh
{{
min
[
max
(
k0.5
β∗ωy
,
500µ
y2ω
)
, 4
σω2k
CDkωy2
]}4}
(B.6)
CDkω = max
(
2ρσω2
1
ω
∂k
∂xi
∂ω
∂di
, 10−10
)
(B.7)
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φ = φ1F1 + φ2(1− F1) (B.8)
α1 =
5
9
, α2 = 0.44 (B.9)
β1 =
3
40
, β2 = 0.0828 (B.10)
β∗ =
9
100
(B.11)
σk1 = 0.85, σk2 = 1.0 (B.12)
σω1 = 0.5, σω2 = 0.856 (B.13)
